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PREFACE 


The present treatise represents an effort to reduce the study of the 
dynamo electric machine to a scientific form and to introduce order 
where, owing to the enormously rapid rate of development, there 
is little sign of it at present. 

A few years ago, when one spoke of a dynamo electric machine, 
one had in mind a fairly definite idea of either a direct-current 
machine, a synchronous alternator, or an induction motor. It was 
thought that, with a few minor modifications, tiiese covered the 
field. Now, however, it has become dear that the possible types 
of dynamo electric machine are quite endless in number, fresh 
possibilities being announced almost every month. It is in order 
to clarify these possibilities that the present treatise has been 
written, and to carry out a general survey of the subject in order 
to reveal fresh lines of advance. 

The enormous advantages of a general survey of the theoretical 
possibilities of the future cannot fail to be evident as, by such a 
survey, we may map out the necessary permanent lines of advance 
of the future years before they are realized in practice, and in this 
way save time and money which would otherwise be spent in 
developing apparatus which the survey shows cannot present the 
same fundamental advantages as other possible types. 

We should never be content with less than the ideal; it may 
present greater difficulties in realization than a less ideal plan, but 
when it is realized it is not subject to supersession by some other 
device, whereupon the/ time and money spent in developing the 
less ideal plan arc largely wasted, although it may have been 
temporarily useful. 

Such a survey has been considered impos.sible, but the object 
of the present treatise is to show that it is jx)ssible and to carry it 
out. This is done as follows- - 

We start from the most ab.stract point of view, where the general 
machine is treated merely as a special case of Maxwell’s general 
equations of the electromagnetic field. We then gradually intro- 
duce limitations one after the other, with a critical explanation of 
the function and necessity of each limitation of generality, thereby 
dividing our machine into different classes, which wc then proceed 
to describe in detail. 

By this procedure we ensure that substantially all possible types 
are dfescribed in principle, thus leaving only the permuta tions and 
combinations of individual parts to be developed as occasion 
requires. These permutations and combinations are, of course, 
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practically unlimited, but the fundamental types are very few. 
A demonstration is offered of this point. 

The mechanical analogy of each type with a certain type of gear 
is also developed, which is helpful in showing the essential nattire 
and relationship of each type. 

As the result of the principles of classification revealed l>y the 
general investigation, we divide our machines into six classes. 

1. Fundamental types without commutator or variable poh‘ 
pitch. 

2. Commutator motors operating from fixed frequency generators. 
A separate volume is devoted to this on account of the complexity 
of the theory in the most important case. 

3. Machines operating from variable and multiple fre<jtiency 
generators. 

4. Cascade sets of various types. 

5. Multiple polarity machines. This includes cascade machintis 
and machines with multiple polarity windings in general. 

6. Variable polarity apparatus, in which the speed of a motor or 
the frequency of a generator is changed by changing the number 
of poles. 

It is clear that while much is known of Classes 1 and 2, and 
Class 3 is not of much importance, there are great gaps in our 
knowledge of Classes 4, 5, and 6. Great attention has been given 
to filling up these gaps, and a large part of the book is <lcvoto<l to 
this. The writer may perhaps be allowed to state that in his 
opinion we are only at the beginning of this subject. 

In addition to these, we may distinguish homopolar maohiiU‘.s 
and electrostatic induction machines, which latter, however, dept^nd 
on a different case of Maxwell's equations. In each of the classes, 
owing to the generality of the method of procedure and the critical 
examination of every limitation as it is introduced, we ax^e enabled 
to discern literally hundreds of new forms, some of which cannot 
fail to be of practical use. 

In this way, by theoretical criticism, we develop a nximber of 
solutions to each problem in a form suitable for experimental trial. 

It is not the place of theory to state dogmatically what type 
should be the solution of a practical problem. Its function is 
merely to develop a number of likely types and indicate their 
possibilities and limitations. They should then be tried on a 
moderate scale experimentally and one or more of the most suitable 
adopted. 

In this way the development of electrical apparatus might be 
reduced to a scientific form instead of being left to the haphazard 
efforts of individual inventors, the success of which is detexmined 
by natural selection. 

It may be pointed out that other engineering subjects might be 
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treated in the same way; for instance, one can deduce a special 
case of Euler’s equations of hydrodynamics, which is applicable to 
the general type of hydraulic machine or a generalized hydraulic 
turbine and centrifugal pump. From these equations a general 
theory of hydraulic mechanism could be worked out by an hydraulic 
engineer sufficiently familiar wth the subject, which would no 
doubt reveal a large number of useful forms. 

In the same way ordinary mechanism could be derived from 
Lagrange’s equations of rigid bodies, but this would perhaps be 
too wide a subject for general treatment. 

The writer has given some thought to the best title for the sub- 
ject. The usual definition of a machine is "a device to modify 
motion and force.” In accordance with the modern ideas of energy, 
we might, perhaps, modify this into the following: ” A machine is 
a device for changing the flow of energy.” For instance, the steam 
engine changes an intermittent flow of pressure energy into a 
cylinder into a continuous rotary flow of energy. This definition is 
applicable to all types of what are ordinarily called machines, 
whether electric, hydraulic, mechanical, or otherwise. 

It is clear, moreover, that our subject bears the same relation to 
electrical machines that the science of ” mechanism,” developed 
by Rankine, Reuleaux, and others, does to ordinary machines, and 
hence ” Electric Mechanism is a suitable title for the subject. 

If the present work succeeds in demonstrating the possibility of 
such a subject and outlining its extent, even in the very roughest 
way, its object will be accomplished. 

Clearly one cannot decide on the practical usefulness of a partic- 
ular type without a full study ol its design. Hitherto each type of 
dynamo electric machine has been a ” special creation,” from the 
designer’s point of view, requiring special experience before it could 
be designed to the best advantage. Sufficiently general methods of 
designing are described in Part VI of the work to render it possible 
to carry out a critical comparison of the possibilities of different 
types in advance of experiment. Of course, it still remains true 
that special types involve special problems — for instance, in the 
internal cascade machine there is the problem of the relation of 
the leakage coefficient to the different pole combinations, and in 
commutator types there may be special commutation problems, 
and, of course, in other types other problems. The methods of 
designing in Part VI, since they leave no scope for guesswork or 
estimating, throw into relief the existence of problems of this 
nature, so that experimental research may be concentrated on 
them. But, above and beyond these applications, the main advan- 
tage of these methods of design is that they separate the use of 
engineering judgment from the necessity of numerical calculation, 
so that this latter may be handed over to a calculating machine 
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operator without engineering knowledge and the whole of the 
drudgery of designing lifted from the engineer’s shouldei's. 

A rational procedure in developing a new type of machine would 
be the following: Starting from an industrial problem, say, for 
instance, the problem of printing-press operation or the driving of 
textile machinery, a report could be prepared on the various means 
of carrying this out to the best advantage, accompanied by designs 
of the most likely types of apparatus and a statement of what 
experiment, if any, would be needed. This report itself w^ould, of 
course, be derived from general study, such as that of the present 
work, and would involve no experiment. It could be considered 
by a committee of experts, including manufactiirers, users, and 
selling experts (the B.E.A.M.A. RewSearch Association in CJreat 
Britain, one would think, could supply such a committc^e) ; and if 
thought sufficiently promising, further work could be authori/A^d 
with a view to the practical development and placing on the markt‘t 
of the new type.^ 

The success of a new type on the market depends on a grt^at 
many things besides its technical merits. Some of these* are as 
follows — 

1. A new type must at first be made in small quantities. A 
manufacturer’s costing system may be such as to i)enaliz(* enor- 
mously everything which is not made in large quantities. If such 
a costing system is rigidly adhered to, it renders the marketing of 
new types practically impossible, because of the price it attaciu*s 
to them. In any case, owing to the small initial turnover the price 
tends to be high at first. 

2, At the start its existence and merits are unknown to i)ott*ntial 
users. There is, therefore, no demand, since users cannot ask for 
what they have never heard of. (“ There is never any demand for 
a new thing .” — Henry Ford.) This demands considerable pi'opa- 
ganda and highly skilled salesmanship. It may be that the manu- 
facturer’s salesmen have insufficient technical knowledge to t*xplain 

^ It IS quite possible to estimate in advance the cost of such a tU'vt^lopnuMit . 
In the most difficult case of all, where it involves a funclainenlally new problem » 
such as a new type of commutation, involving extended oscillographic nssearch 
or studies m leakage, etc., it will cost not more than £2,500 to £3,000 (1929 
prices) to place on the market a line of machines up to, say, 50 kW,, with all 
technical problems solved, all designs made with the utmost economy of 
material, and tabulated for all the ratings (all voltages and freqnencit‘s) 
hk^y to be in commercial demand. All expenses of whatever kind likely 
to be incilrred other than selling costs are included, establishment charges oh 
machines, special testing, and reasonable remuneration ft)r 
all those engaged on the work. For simpler developments, these costs may 
be halved or quartered. Those unaccU'stomed to this work often attempt to 
cuts,'* skipping necessary experimental work or trying to do 
^ expense. Where this is attempted, one may put the 

additional cost incurred at £500. Clearly an unskilful and fumbling develop- 
ment must be much more costly than one which is carried out in the best 
possible way. 
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the new type effectively, though well enough on standard apparatus, 
or may commit other errors in commercial policy. 

3. Manufacturers of the second rank who find, owing to imper- 
fect organization, difficulties in reducing their costs to those of 
competitors, are apt to believe they can make higher profits out of 
a new type which would become a specialty. But a new type 
requires more skill in manufacture, not less skill, than standard 
types, since it is inherently handicapped by the small initial demand. 

4. One may be entirely misled as to potential demand, unless a 
very careful canvass is made of the importance of the industrial 
problem solved by the new type and of alternative solutions. 

All these points require to be carefully weighed before embarking 
on experimental work. If they could be considered by a central 
co-operative organization as suggested above, with its wider sources 
of information, they are clearly rendered much easier than when 
each manufacturer has to consider them for himself, and this is 
the course which would undoubtedly be pursued if the public 
interest alone were considered. But, as things are, competitive 
jealousies make it very difficult ; but if the manufacturers of any 
country (or even one manufacturer of large capital) could agree to 
the systematic study of the possibilities of progress, its rate could 
be very much accelerated and very large sums of money saved. 

The author is indebted to the Journal of the Institute of Electrical 
Engineers, the Joitmal of the American JnsUtute of Electrical 
Engineers, and the publishers of the Electrician, from papers and 
articles in whose columns extracts appear. 


F. GREEDY. 
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THEORY AND DESIGN OF 
ELECTRIC MACHINES 

PART I 

CHAPTER I 

INTRODUCTORY 

Before proceeding to the main portion of our investigation we 
must first formulate a preliminary definition of the d3mamo-electric 
machine from which to start. 

The " dynamo-electric machine " consists essentially of two 
members capable of mutual rotation, a single magnetic flux com- 
mon to the two, and two electric circuits one on each member, 
interlinking the dux. In one or two exceptional cases only one 
electric circuit is used, but these we shall not consider. 

Two forms of mechanical construction are in use, one in which 
revolving and stationary parts are separated by a short air-gap 
uniform throughout the periphery, and another in which salient 
P9les are used. This latter type, however, is not of general applica- 
tion, being suitable only for continuous current and some forms of 
single-phase machine, both of which types may, from the technical 
point of view, be equally well built with uniform air-gap. We shall, 
therefore, consider the uniform air-gap type to be the standard. 
In order to minimize magnetic leakage the conductors in both 
elements are disposed in slots as close as possible to one another, 
that is, as close as possible to the air-gap, since they are in relative 
rotation. These conductors are interconnected in various ways, but 
as it is the purpose of our investigation to study these different 
methods of connection, we must not prejudge the question by 
assuming the machine to be connected in any particular way. 

Finally, although in actual machines the air-gap surface is almost 
invariably cylindrical, we shall assume it to be plane, i.e. in the 
usual phraseology, that the machine is developed. Later we shall 
be able to formulate an exact and scientific definition of the dynamo - 
electric machine. 
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FUNDAMENTAL LAWvS OF THE KI-FCTKIO MAlTHS'l' 


We have seen in Chapter I that omittiiif’ evorytliin^' n()u-t>.s,s(.'utial 
in our d 5 mamo-electric machine, assuminjf a constant air-gap all 
round the periphery with all the reluctance (»f tlu' niachiiui concuii 
trated in it, and developing the machine so that the gap surface 
is a plane instead of a cylindrical surface, it ina\’ he rejjresented as 
in Fig. 1. 

It consists of two magnetic elements se])aratt>(l h\’ the* air-gap 
and capable of relative motion along the axis of v. iCach of tlu'se 
elements bears a number of electric conductors perpendicular to 
the plane of the paper or parallel to the axis of c, say. The a.xis of 



y may be taken perpendicular to the air-gap surface. We .shall have 
very little occasion to use the axes of y and z, but .shall lx* constantly 
using that of x. 

In consequence of the assumption of a constant air-gaj) all nnnul, 
with all the reluctance of the machine concentratt'd in it , we get 
our first fundamental equation 

B = fiH - ••.... ( 1 ) 

“Magnetic density is proportional to magnetomotive force at 
every point of time and space.” 

We here neglect saturation, of course, and /t must be taken to 
represent not the permeability, but the permeance of unit area ol 
the air-gap. 

Our second fundamental equation is still more obvious, if pos.sible. 
The ampere-turns included within any stretch of the machine are 
a measure of the magnetomotive force H in accordance with the 
well-known equation 

ampere-turns == in electromagnetic units. 

The ampere-conductors are just twice the ampere-turns J hence 
they also are a measure of H. In “ rational units,'' which wesliall 

2 
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adopt, the constant 1 0/(877) is got rid of and H is identical with the 
a mpere-condiict ors . 

Now it seems a truism to say that 
ampere-conductors per cm. 

== current density per of periphery. 

Nevertheless, putting this into symbols we get the equation dH^ldx 
= Aj for one member, and dHJdx == Ag for the other. If we use 
Ai for the current density in the first member, and to measure 
the ampere-conductors, dHJdx will be the ampere-conductors per 
cm. 

Putting H = ^^3 + jFfgto measure the resultant current density 
we get our second equation 

dHfdx = A, -t- A^ (2) 

We can illustrate this equation by reference to particular cases. 
We see in Fig. 2 (c) that A is zero everywhere along the peri- 
phery^ except for certain small lengths where it has a constant 



Fig. 2 

value. It is shown at (6) in the form of a curve ; (a) shows the 
magnetomotive force due to it, a square-topped wave as is obvious, 
having a constant value everywhere except where there is current. 
It is clear that the curve (b) is the slope or differential coefficient of 
curve (^»), as stated by our equation. 

Another example we may take from an ordinary continuous- 
current armature winding developed. The current density here is 
everywhere the same, so that it is represented by the square-topped 
curve marked A. H, however, rises to a maximum at the point 
where the current reverses, and then decreases. It is clear that the 
slope of H is constant, reversing after passing the apex, and hence 
that it is represented by a square-topped curve such as A. 

A third fundamental equation is the following — 

Let E be the electromotive force per bar, i.e. potential difference 
between opposite ends of the same bar at the point x. Then the 
potential difference dE between adjacent bars will be equal to the 
time rate of change of magnetic density dBjdt between them multi- 
plied by dx, or 

dEJdx == dBldt . 


( 3 ) 
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which may be read Potential difference butwtH'u udjiu'cnt ])ars 
:= time rate of change of magnetic dciivsity between them.” 

If in addition one of the members be moving with rt\s]H*ot to 
B at speed v, we shall have a further potential diffeix^not^ b(dween 
adjacent bars equal in absolute units to v times the (liihTenrt-^ ol 
density dB in the lines cutting them at the given instant. 

Thus we get in this case 

dE^ = (dBldt)dx + v(dB), or dE^/dx ^ dBjdt 4 vidBjdx) . (4) 

which may be read total potential difference bc^tweim bars - tiim* 
rate of change of magnetic density d- v times tlui difference ot 
magnetic density at each bar.” 

The equations which we have just deduced form a std of dihert^n* 
tial equations characterizing the dynamo-el<‘ctric. miu'hine of tlu^ 
most general type> homopolar or multiixdar. 

In order to illustrate the meaning of these (‘ciuations wt* may 
study a very important case by considering a Ilux wavt* statioiiai-y 
in space, so that dBjdt == 0, while the two elemt^nls of the machine 
move past it with speeds and t'jj resi)ectively. 'I'la* e<|uations 
then take the form 


dH ^ ^ dE. dB 

^ - A, + A, ; i 


dB 


dE.^ 

\ix ’ ;/x‘ 

The last two equations may be integrated immediately, giving 
= %}^B -h C, and - - x\J> | < \ 

Cl and C 2 relate to a possible superposed homo]X>lar distribution 
and may be neglected. 

In general, such a wave of fixed form moving as a whole at a 
constant speed may be represented by an arbitrary lomricr sorites. 

B = E^B^ sin ^ r{mx » PO \ (i\ 
dBjdt = -pE^,rB^ cos \r{mx pt) l a} 
dBjdx = niE^rB^ cos \^r{mx pi) -|- a| 

so that dBjdt = - {pjm) {dBjdx), and we can reduce our gt^ncTal 
equations to 

dHjdx == ^1 — j” A .2 j 

dEjJdx = - (film) {dBldx), or E,~- (/>/«/) li -j- C ■ and dlitfdx 
= {j>lm)'l^{dBldx)T^ or, neglecting arbitrary constants, i*, 
= [1 - {mlf)-\E^. 


When V, {mjp) = 1, = 0, which is another way of saying that 

when the member corresponding to E^ runs at the same speed as 
the flux there is no electromotive force in it. 

Another general law arises from the fact that our machine is in 
part a moving body and, therefore, subject to the general laws of 
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motion, and in particular to the law that " action and reaction are 
equal and opposite/' 

The force acting on any conductor at the point x is BAdx in 
absolute units. 

The total force, therefore, acting on any stretch of one element 
from zero to a, say, is 


BAdx 


is usually given, being the load on the machine. 

If F is equal and opposite to the force on the other member we 


f BA^dx = - ^ BA^ilx, or f B{Aj^ + A 2 )dx =0 ■ (6) 

o do do 

This, however, is not necessarily the case except for the whole 
machine. 

We may also express these equations in terms of the flux 
through the core of our machine. Let us assume that the core 
length along„the axis of Z is unity. Then the flux crossing the 


air-gap in the distance - Xq = fT>j - <r> 2 . But 
we know that the mean air-gap density B in ^ ^ 

any length Xj - x^ is the flux crossing the gap in ' ^ 

that length divided by the length, or " 

<I>i - <l>.> d<i> — 

]> ... ^2 Uinit. II 

A , - Vo dx rir 

We also have, of course, H (l/z-O ^ 

{d<i>ld\). Sxibstituting these values in the 

equations given above, and integrating the two E.M.F. equations, 
we get 

{d^<{>jdx^) * Aj I Ag ; — d<l>ldt\ Eg == d^l^jdt + v{d<Pldx) ; 

a form of the equations which is often much more convenient than 
the original form. 





= 

’^ITl 

1^'IG 

3 


Note fo Chapter 2. Maxwcirs equations, in the form given by 
Heaviside, are, 

curl (E - e) ~ ~ - dBjdt, 

and ' curl H — A, the current density (a vector), 

where e is the " motional " electromotive force^^SfqB, and q is the 
velocity vector. 

If we take the components of H and (E - e) parallel to x, y, and 
z, as and {E - e)^, {E-e)^, {E - e)^ respective^, these 

equations in Cartesian co-ordinates will be as follows — 

dJB^ dB^ , dH, dH^ ^ dH^ dB^ ^ 

A.; _-__A,; 
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diE-e)^ 

d{E - <’)„ 

dB^ 

dy 

dz 

dt ' 

d.{E-e), 

d(E - <’>3 

dB., 

dz 

! H 

p 

dt ’ 

d{E — 5)2 

1 

i 

dB^ 

dx 

dv 

dt 


Now if we take = 0, or // paralk^I to the y axis, an<i 

(^-< 3)1 = {E - =0, or E-c parallel to th<' z axis, \vhih‘ tj is 

parallel to x of length v, we get 

dHJdx = A ; d{E - 0 )Jdx dFIdi ; r - vE ; 

so that dE/dx ~ dBjdt + v{dBldx), 

Thus we have reproduced two of the ecptations which we ()I>taint‘<i 
before, the third, of course, heing obtainable by sinipiy putting 

V ~ 0 . 

The second form of the equations in terms of <l> is analogous to 
Maxwell's form in terms of the vectoi’-potential A. !u>r tiu* cast* 
where all the lines of force lie in one plane may i!ift*rpret A as 
the total number of lines of force surrounding a point. 



CHAPTER III 

GENBRAL DISCUSSION OF THE FUNDAMENTAL EQUATIONS 


Collecting the results of the investigations of the last chapter, we 
find ourselves in possession of the following equations— - 

1 . B = ijlH, Equation of magnetic density. 

2 . dHjdx = At + A2. Magnetomotive force equation. 

3 . dEjjdx — dBldi. Stator E.M.F. equation^ 

4 . dE^jdx — dBjdt + v{dBjdx). Rotor E.M.F. equation. 


5 . E 


r- 

o 


Bi^dx. 


Force or torque equation.*' . 


6 . / = 0 . Stating that action and reaction are 

^ o 

equal and opposite. 


Let us see what general conclusions we can draw from these 
equations — 

1 . The differential equations are linear equations of the first 
order in x and /. These equations implicitly assume that the flux 



< c ^ 


0 

0000000c 

) 0 0 





0000000c 

) s 5 





Fig. 4 


crossing the gap is due to the current distribution" in the conduc- 
tors. This is not true, for instance, in the homopolar machines, 
where equation ( 2 ) takes the form {dH - H^Jdx = A^ + Ag. 

Before we can deal usefully with these equations we must limit 
their generality by applying any further general conditions we can 
discover, necessitated by the nature of our problem. One such 
condition is the following — 

In practice the electric machine cannot be of infinite extent, but 
must be annular, that is to say, if, starting from any given point we 
go round the circumference, we return again to the same point. 
In our development this fact will take the following form. 

Starting from a point O (Fig. 4 ) and proceeding to the right we 
are compelled to assume that when we have travelled through a 
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distance C equal to the circumference of our annular machin<% 
every quantity mentioned in our equations resumes its original 
value, that is to say, the solution of our equations is periodic witli 
respect to x and with period C. We only desire to sttuly steady* 
conditions, hence our quantities must be constant or perio<Hc wit h 
respect to time also. There is no necessary x'clatiou whatt'wr 
between the time periods and the space i)eriod, but the knowUnlgt* 
that the solution is periodic in both time and space enabhss us to 
effect a very important simplification. 

Hence the general form of solution to which we are liinit(*d is 

H = sin {a^x h 

In the travelling wave discussed in Section 2, w^hich moves at a 
fixed speed without change of shape, we had ' ■ T"* constant . 

In our present wave, however, there is no relation whatewT b<‘t\veen 
and and hence H consists of an iinlimit(»<l number of waves, 
the wavelengths of which are sub-multiples of the circumfcivnci*, 
hut which travel at perfectly arbitrary speeds and are, therefore, 
entirely independent of one another. 

Since we are permitted to assume that some or all of the lint*s of 
force crossing the air-gap are closed outside the system distuissed, 
as in a homopolar machine, we cannot deduce the periodic nature 
of the solution from the fact that all magnetic lines mizst iu^c'<‘S' 
sarfiy be closed. Excluding homopolar machines, howtw<T, a 
periodic solution would be necessitated by this fact also. 

Since it may easily be proved that all the different compont*nts 
of the above general wave are independent unless in virtue of som<* 
special method of connecting the face-conductors, we may confine 
our attention in the first place to machines containing u single^ 
wave. Such machines may be broadly subdivided into 

1. Those containing a forced wave of flux density, <itc., i.e. a 
wave whose wavelength, amplitude, and phase are dc^tiTmiiuHl by 
external circumstances — the interconnection of the fac(i-conductc>rs, 
the voltage, and frequency of supply, etc. Such machines form 
the vast majority of practical apparattxs. It will be worth while 
to examine briefly how the wavelength is determined in such a 
type. 

Instead of considering all the conductors as independent, as we 
have hitherto done, we must now consider how they may bo con- 
nected arnong themselves. They may be connected— 

(i) AU in par^lel, forming a squirrel-cage winding, 

in series, forming a ring winding. In this case the connec- 
tion from one end of a conductor passes completely around the 
com eaxr^g the flux to the beginning Of the next conductor. 

1 methods of connection are independent of the wave- 

ength of the flux wave. The former, however, is incapable of 
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connectioa to an external circuit ; we may, therefore, confine our 
attention to the latter. 

If a periodic wave, such as we proved above necessarily exists 
in a dynamo -electric machine, is present in a core carrying a ring 
winding, points a wavelength apart will be at the same potential 
and may be jointed by a conductor known as an equalizer.'* 
When this has been done it is impossible for any wave to exist 
having a wavelength different from those determined by the points 
to which the equalizers are joined. Again, points half a wavelength 
apart may be joined to opposite sources of potential, constant or 


A 3 



alternating, or points l/;/th of a wavelength apart to sources of 
alternating potential differing in phase by 27 t/;?. 

From these methods of connection as fundamental we may derive 
by the theory of armature windings " all the methods of winding 
employed in actual machines, practically all of which involve a 
forced wave of flux. The present chapters, however, are devoted to 
an entirely different class of apparatus, namely, 

2. Those containing a free wave of flux, or, in other words, one 
w’^hose wavelength is determined by internal reactions, and hence is 
variable instead of being externally impressed. These waves can 
only occur in a type of winding in which the current in any bar 
is solely determined by the electromotive force in the same bar, 
and not by the electromotive force in a series of bars. The only 
type which fulfils this condition is the squirrel-cage type. 

Hence the type of machine with which we shall deal will be one 
carrying a squirrel-cage winding on one member, and, on the other, 
merely a primary winding concentrated at one point in the zone 
which we are studying, or at a limited number of points in the 
whole machine. 

Such a machine is shown in Fig. 5. It consists of an ordinary 
squirrel-cage rotor and a primary member wound ring-wise around 
the core and concentrated in a single slot. The diameter 'of 
the apparatus is assumed to be sufficiently great to enable the 




10 THEORY AND DESIGN OF ELECTRIC MACHINES 

disturbances on the positive side of tlu^ primary member to iliv 
away before passing sufficiently far around the machine to nu^et 
those on the negative side. 

In the following chapters a thorough study is nuule i>f sticli an 
apparatus, and the influence of resistance*, self-induction, and 
capacity in the rotor is worked out, as well as that of various 
secondary windings on the stator. Having tione this wo are in a 
position to consider the effects of two sucli coils womul in opposite* 
phases on opposite ends of a diameter Jind cariying o]>positc^ cur- 
rents. These are equivalent to a <lrum-w*oim<l coil ; ami having 
studied such a coil we can build up by tlie method of supi*r}>t>sition 
the precise flux and current distribution due to a nurnht*!* of siu-h 
coils, i.e. to a slotted stator such as is actually used in ]n*acticu*. 

Occasionally we wish to consider wdxat is taking phu'i* in a moving 
rotor at a point fixed in space rather than at a point ii\'t‘d in the 
rotor. In this case it is helpful to consider the rot«>r as ht*ing ling 
wound and connected to a commutator carrying a iinmlH*r of tajually 
spaced brushes at distances apart which an^ small relativt* to tin* 
wavelength, in fact at distaiices which we <k*nutt* b\’ 'I'luvsi* 
brushes are assumed to be short-circuited through * a ri*si.staiice, 
inductance, or capacity. It is shown 1h*1ovv ihtxt th<*n‘ is a vital 
difference between the cases in which the iiuhu'tanc'c* ami capacity 
are assumed to be connected across the bimshes, and that in whiclx 
they are contained in the secondary member and n*volvc with it. 



CHAPTER IV 


KQUATIONS OF MOTION OF THE WxU’ES DUE TO 
RESISTANCE, INDUCTANCE, AND CAPACITV 

As above, we shall consider that on one element of our machine 
there is only a primary winding concentrated at one point, and, 
consequently, that the three differential equations deduced in 
Section 2 are reduced to two. These two equations are 

dHjdx = A ; and dEjdx = dBldt + v{dB/dx), 

We shall find it convenient, as was done in Section 2, to express 
these equations in terms of the flux. We then get 

{l/ju)id^<l>/dx^) = A ; andE = d^Jdt + v{d<^ldx) -= dQ>idt + vB ; 
or if we suppose both members to be wound 

(l/lLc){d^0ldx^) - A, + Aa ; 

— d^jdt , Eg == d<\>ldt -j- v{d<['>/d\). 

There are two possible ways of treating each case. We have a 
primary and secondary member rotating relatively to one another 
We may consider the secondary to be rotating and the primary to 
be stationary (Case 1), or vice versa (Case 2). 

I.et Z be the symbolical operator. 

r -| LD |- \IKD, where - dnii. 

We ma 3 ’^ use Z^ for tlie primary member anti for the secondary’. 
C'orresponding to the first methotl ol treatment (primary stationary') 
we hav<‘ the following differential equations- - 

{\i^i){d'^<\'^jdx^) -- Ai 1- Ag- E^IZ, I Ao/Zo. 

~ d<V>ldf , and A'o - d<\^jdi | v{d^\>ldx). 

These equations arc partial differential equations, but we assume 
that every quantity follows a sine law in time, or in mathematical 
language, when x r_= constant, <I> — In this case we get 

invariably d<i>ldt — y/)<I> in any stationary condiu'tor. Substitu- 
ting this value in our equations wc find that they are reduced to 
f^rdinary differential equations, viz. 

{\j^C){d^<\^ldx^) Ai I A,^: E, E^ - .//>0 Vv{d<\^ldx). 

i being eliminated. 

If by means of some further relation between E and A, such as 
is given above, we eliminate both from our equations, we find 
invariably that the result is an ordinary differential equation of the 
second order in O whose solution is of the form <r> == 

n 
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This gives d^jdx = S<D, and permits us to elinainate didx from our 
equation as well, reducing it to an ordinary <iufidratic e<iuation in 
complex quantities. 

Hence we shall write 

djdx equivalent to N - a \ jm, sa\', 
and djdt „ jp- 

Corresponding to the second method of treatnu'iit W(‘ httvv the 
equations — 

{l/,u){d^<J>!dx^) 1- Aa 1C,;X^ 1 . 

Ej^ = d<I>/dt - v{d<i>ldx) ; and /I'g d^\\k(f. 

If in Case 1 we assume the rotor to travel in ]>ositive direct inn 
{v positive), we must now assume the stator to trav<*l in tin* nega- 
tive direction, as we have impressed on the whole* system a rotation 
equal and opposite to that which the rotor had b<‘t'ori*. 

Our limiting condition is now as follows- 

When a; = ~ vt ; <I> 


Hence, in general, 

<D = + /«*) I* "0 -f }i>t 


Giving djdx equivalent to a -f-/;;/, and dpit to jp 1 v{a \ jm). 

We may illustrate these results by the cas<* of rotor rt\sistani*(*. 
Put 2 ’i=oc (this corresponds to an unwound stator), am! 

= rg. The equations then become- - 

Case === -b or, instTting th<* 

values of djdx and djdt, 


(rzifi) (a + imy^ jp -\- v{a -y jtn). 


Case 2 . {r^ha (d^<bfdx^) = or, inserting' tin- va!ti<‘> of 

djdx and djdt, {a+jm)^~-jp | 7'(rt j j»t), wfiirli is i<U‘n 

tical with the above. 

Now take the case of self-induction. Z, oc ; /g 


Case 1 . 


Case 2 


or 


ig ^ d<t> cl<t> 

fj, dt dx* ~ dt * dx 

(« - jp 1 ■>' [a t jm). 

d.<I> 

ja dt dx^ dt 
{L^fz) \jp + V {a jm)"] [a -f- jm)^ =«* [jp 4 v (a ■[ jm)} 
{L^I/m) {a -j-ym)® =• 1. 


It will be seen that the equations obtained from Case 1 and 
Case 2 are entirely different. The reason for this is as follows- ' 
Case 1 (dldt==jp) implicitly assumes that tlie self-induction /. 
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always operates on a constant frcqncnc^^ while Case 2 permits the 
frequency to vary with the wSpeed. The difference between these 
two cases may be illustrated by reference to the ordinary polyphase 
induction motor. 

Suppose the rotor of such a motor to contain no resistance, but 
merely self-induction. As the speed rises from standstill the rotor 
E.M.F. falls in proportion to the frequency. The rotor reactance 
also falls in exact proportion to the frequency, so that the rotor 
current remains absolutely constant and independent of the speed. 
If, however, the said rotor is fitted with a commutator, and the 
brushes resting on this are closed through a reactance, the case is 
quite altered. Since the frequency of the current through the 
reactance is always equal to the line frequency, there is no change 
in the reactance with the speed, and since the rotor E.M.F. falls 
with the speed as before, the rotor current now falls with the rotor 
E.M.F. instead of remaining constant. This case is merely a simple 
example of that illustrated by the two differential equations, and 
serves to explain the difference between them quite clearly. 

Case 2, therefore, is that in which the self-induction is connected 
direct to the rotor and revolves with it. It may be shown indepen- 
dently that this equation applies even in the limiting case of contin- 
uous current. Case 1 refers to a machine fitted with a commutator, 
the self-induction being outside the commutator and fed with 
currents at full frequency. Case 2 is, therefore, correct for our 
purpose. 


Now take the case of capacity. We have 


Zj = oc, and Zg ” IfKD, 


Ca.se 1 gives 
or substituting. 


1 ^r^<I> __ d/d<l> 

Ji. ■ 1^ ~ 


[1/{K/a)] (a +jin)^ =jPUP 4- v{a + jm)]. 

Case 2 gives {IJ/u.) {d^dyjdx^) ■= K{d‘^<i>fdr^), 

or (« -!-;>«) ® = UP + 4-y»01S 

two results which, again are quite different. 

Confining ourselves to Case 2 we get the following three equa- 
tions — 


(а) Resistance, (l//«) (« + jni)^ = \jp + ii(« jm)"] (l/^'a). 

. . . „ iP 4- jtn) 

(б) Self-induction. (1//^) (a + pn)^ = 

V « jp + 

(c) Capacity. (1/^) (« -h jm)^ - jm)] 
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The various cashes may thus he obtaiiunl from the r<iua 

tion 

1 rf2tx> ^ cli\> tr d I “I 

^6 / \J 

by putting dltlt ^ jp -h v{ii -1 d.d\ * ji>i) 

Case 1 gives 

1 _ fdd> vd<\>\ /f, . / ' 1 

j[{. d%^ \ (if/ dx // L 


with djdt =jp and dld‘\ — a 1 im. 

If now we put or, in otluu* wouls, optai tlu* 

rotor, our differential equations rediu'e to t\\(» insti'ad t»l 
since all our windings ai'c now on tlu' sanu^ nu‘mlH‘r. 

Our differential equations now are (/\“) A. and 

E = d<S>jdt, and we shall make ust‘ of ('ast‘ I (prinKiiA' stati<»narv) . 

{a) Putting ZjL = ^ 1 , we get (I///) {d-<\dd\^) • (l,r|) [d'^^idt], oi 

substituting, {rj^) + pn)"^ — 7/>. 

(f?) Putting ^ L{djdt) jLp, we get {Ljft) {a i I t»ii 

substituting. 


H Putting Z, = 


1 

k;p' 


Wt> K‘‘t 


1 

K,„ 


./•itl. 

(/\ “ 


,//u ‘ 


ta 


Sy{K/,) = Up)^. 

To recapitulate, we have now clerivt-tl the lolhnviiig 
where 5 = (« + im) if there are no wiiulin);>s exft'pt tin- inini.uy 
on the stator. 


(a) 

ib) 

(0 


(nZ/OS* -- y/j 1 ,'S. 

|-V.S').S-^ (y/, . 


52 

I- ’'•*') 


i/> I ('.S'. 


■.'.Si. 


It will be noted at once that all these eqiuitu>us are <jtuulnitii*s 
in S, the quadratic arising, of course, from the fart that the differen 
tial equations are of the .second order. It will 1 m- useful, then, to 
attempt a solution of the general quadratic in eoiuiile.\ quantities. 

In the general equation, aS* -| bS -| c 0, we ean alwa.\-.s 
multiply throughout by any complex nuniln-r in such a wav tJi'at 
the coefficient h becomes a imre real. We shall, thereft»re. for the 
future assume that i is a real or scalar, while a and c are any tw«> 
arbitrary vectors. 

Let OA =aS^ ^ ar^ cis 20 cis a (Fig. 6) 

AB == 6S = cis 0 

BO = c = c cis y (see Fig. 6) 

OA' = a cis a 
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We are here using cis a as an abbreviation for cos a -h J sin a 

Draw OA' — a cis a, OB - c; cis y, an arbitrary vector OP 
~ y cis 0, and another OA == ar^ cis (26 + a). Draw through B a 
line BP parallel to OA. 

Then if 6 ™ angle OBP and ?/> = angle POB 
d =• 26 + a - y, and y)~ y - 0 
2y» + -= 2y -20 + 20 + a-y 

= y a, that is, a constant. 

If, therefore, we draw a line OC making with OB an angle COB 
= 2ip, it follows that the angle BCO is constant, and the point C, 





therefore, moves in a circle passing through O and B. It we now 
draw a line OA" making an angle y d- a with OB, it follows that 
the circle must touch this line, which gives us a construction 
whereby we may draw it conveniently. 

By means of this diagram we may plot the locus of P (where 
= l)S) for every value of 0 from 0° to 360^. 

If, therefore, we have some further means of ascertaining which 
value of 0 satisfies tlie equation, the above diagram will give the 
value of y corresponding to it. 

The value of 6 may be found as follows : Stai*t again from the 
equation aS^ + iS d- c = 0, with b a pure scalar. This may be 
written } S{b/a) d- 

d- S{b/a) + {b/2a)^ d“ c/a - {b/2a)^ = 0. 

(S d- bl2a)^ =- c/a - {bl2a)^ ; 

/. {S + bl2a) = ^\pla ^ {b}2aY'\ 
bS -+• b^l2a = h^\cla - (6/2a)‘^J 


or 

or 
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We shall endeavour to construct the ic/u - 

Remembering that 6 is a pure scalar wo ha\-o (soo !''ig. 7) 



b^l2a = OQ ; -= OH ; cja -- OI.. 

(6/2«)2 = OG ; cja - {bj^a)^ = OM ; V&V" “ ^ >-V- 

Now in the previous diagram wo had 07' = ; hS, and sinci' h is a 
pure scalar the direction of h times ON is the stunt! as that of ON. 


/ 



In terms of the vectors in our diagram &S -H b‘\/[cla ~ {bla)*\ 

now reads OP OQ = bON = OR (see Fig. 8), and hence since 
OQ is constant the locus of P must be the straight line PP\ 
Combining this result with the diagram previously obtained 
based on the circle, we obtain the final graphical solution of our 
equation (Fig. 9). 
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OP must satisfy two conditions — 

1 . It must lie on a straight line parallel to ON, 

2. It must lie on the locus which may be traced by means of the 
circular constructiom 


B 



Fig. 9 


The straight line cuts the locus in two points and hence we obtain 
our two roots. 


3 — ( 5510 ) 



CHAPTKR V 

SOLUTIONS OV Tine KOUATIONS itK MOllDN 

In the present section we shall endeavour to obtain aiul iiit<Tpr<'t 
the solutions of the equations formulated above. At the (.“lul of 
Chapter IV we obtained a general .solution of the <]uadnitie etjua 
tion in complex quantities by means of a gra])hieal eoustnu'tion. 
In the present section, however, we .shall usually athtpt a luethotl 
which consists essentially in eliminating v from tlie equations by 
some convenient means. 

Starting with the equation OV/i) (a -| Im)- j/> | v{u j 
which relates to the case of rotor resistaiu-i' only, wi- resolve it into 
real and imaginary components — 

{r^j fj) {a^ - m^) — va . . . . • lU 

(^ 2 //^) 2mn = ^ + vm ..... (2) 

Put a = S cos d and m ~ S sin 0, and we get 
V = 2 {r^liA S cos 0 -pl{S sin 0) ; m — 2 .S'“ eos “ft - p ei»t ii 

Substituting in (1) we get 

(raZ/t) 5“ (cos2f? _ 2 .s'“ oos“f; p eol 0 ; 

or S“ = {pfJi'lf^ cot 0. 

Another important conclusion is the following 

-pfm = Vo, the synchronous speed of the wave. 

Hence equation (2) can be written (dividing by nt) 

{2r^lfA)a = - (- pjm - v) =-■ - (v^ -v) ■■ - Vj 

where v^ is the .slip velocity. In word.s this equation may be infer 
preted — 

The decrement is proportional io the slip xH'hcity. 

Another deduction from the same equation is as follows 
{2rJ/T} la-Vfil{2r^]M - p. 

. • . [« - vfi/{2r^] m . ppl{2r^). 

If we put X — a- vptji^r^ and m i- y wc get xy ■■■■ ppji2rx). 

If we put = c, we get xy — pli^c), that is, the equation of 

an hyperbola. 

Moreover, x — i^jm)[iJLl{2r^'] ~ -Vo Hence, is propor* 

tional to the synchronous speed. 
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Now plot the two equation? 

S2 = (/./c) cot 0 . . . . . . (1) 

and xy — pj^c (2) 

on the same sheet. If we do this the abscissa of curve (1) will be 
YP = a, and that of curve (2) will be 

yi\ v/ij{2r^ =a~ i>/(2c). 

. • . YP - yPi = - Z'p/(2rs) = - v/(2r) = PP,. 

or PPi is proportional to the speed. 

Summing up these results we have 

Fig. 10. yPi = - Vo/(2c) — (-synchronous speed). 

,, PP, = - vj{2c) — actual speed. 

„ yP = i’P, - 1\P = - (vo - v)l{2c) 

— ~ zzil(2c) = shp velocity. 

OP = current ; OP® or UT = torque. 

Since the torque is proportional to P® it is proportional to OP® 
== S® = (pfc) cot 0. Cot 6 is proportional to UT. 

Since throughout these investigations we have taken x as parallel 



to the real axi.s, wc have E =-=//> <I> parallel to OY, and hence the 
angle POY — <p, the angle of jihase difference. 

These investigatiojis x'elale to the occurrences on one side only of 
the primary coil. Both skies nnist be considered. 

In this cas(; we may consider that on one side of the exciting coil 
the speed is ■ f-- v, mid on the other - v. 

In this case the total current in the exciting coil = OP + OP*. 
We have 

PPi PJ\. OPy = OP + PI\ = OP., - P,P,. 

OP + OP^ = 202\ (see Fig. lO). 

and since OPj moves on an hyperbola, so does the current in the 
excifng coil. 
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It may be of interest to pi-uve that at the maxinnnu puiut of the, 
curve 0 — 45°. 

The shape of the curve is as shown in tin* lif’ure. rranshirnhnj' 
the equation 

= A cot 0 to t'arti'sian I'o -ordinates, 
it becomes 4- y2 _ ^5 cos 0)/{S sin 0) = Aw 

or x^y - kx + y* — 0, that is, a <|uailratie in \. 

The value of y for which the two routs of this tjuadratie an- 
is clearly the maximum value. 

A rl: ~ 4y^) 

2y 

When 2v® = k or y - \/{kl'2.) the lwt> roots are e<|ual. 

„ '0 45^ cot 0 . 1 and .r - y. 

The equation then becomes h’® - .•v“-| 2v'- A*, the residt 

just obtained. Hence y is a mtixinmm wheat 0 45 *. 

Besides the construction given tibttve for tin- sjteed, anothi-r ina_\' 

E 



be very easily deduced from the. IC.M.b'. trhingle, which, its it is ot 
very general application, it may be of intt'rest to givt‘. 

We gave a general solution of the quadratic ctination in < oinph*x 
quantities for any vtduos of the coefiicients. W«‘ have now con- 
sider what are the values of the coellicients in the case we itre 
considering. 

The equation which results from the differential etjualion in the 
case of rotor resistance is 

{r^IfY) - wS -jp -> 0. 

Hence a —rjn', b = -v (see page 455) ; and fttllowing 

the construction we must draw our circle pa.ssing througli the 
ej^emity of OB — jp (see Fig. 11) and touching the real axis 
(since a = 0). Since OB is at right angles to the real axis it is a 
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diameter of the circle. We saw in general that OP = hS = - vS in 
this case. Hence our speed construction will be as follows — 

Draw the locus of the current vector = {pjc) cot 6 as before, 
and also the circle as above. Corresponding to any current vector 
01 draw a line OC to cut the circle making an angle with OE , 
Join BC ; P will be the point where BC cuts 01 . Then OPjOI == ik 

In order to read off on a fixed line all we have to do is to join I 
to some fixed point sucli as B and draw through P a line PP’ 
parallel to IB. Then OP' jOB OPjOI, and. consequently, OP' 
is a measure of the speed to such a scale that OB 1 . 

This speed construction is perfectly general and applicable to 
any case in which the coefficient of S is proportional to v. 

We must now consider the effect of stator resistance, inductance, 
and capacity, combined with rotor resistance. 

Taking the case of inductance first and supposing the primary 
to be stationary, we have 

(1//*) {cP<l^ldx‘^) =. H.lijLp) + EJr, ; 

iij <!)/(// — ; Eq = cUl>ldf -j- v jp^\> + v {a jni) 

or (^2//^) ~ ^'2/^- + ip + 

In the case of stator capacity we have 
(I//4 = EJ\p + (^ 2//0 d' jp + ^^ 5 . 

.\nd in the case of stator resistance 

( 1 /^) {d^d^jdx^) = 

(^ 3/70 + iP + +j>n) ---^jpil + + v{a + 7;;0 

The sole influence, therefore, of stator resistance, inductance, and 
capacity is to vary the absolute term of the quadratic either m 
magnitude only or in both magnitude and direction. 

Taking the case of resistance first, it is clear that since we have 
merely multiplied the alxsolute tei'm by (1 d rjrd the resultant 
locus will be unchanged in shape, but merely multiplied by the 
same quantity, viz. (1 -f- r^jr^). 

Hence the locus of the current vector will now be- 

52 ^ (prj/i) (1 + rjr^) cot 6 instead of 
— {prjfi) cot 0 as it was before. 

Hence the size of tlui diagram is increased, but its shape is 
unchanged. 

Returning to the cases of self-induction and capacity the equa- 
tions wc have just arrived at are 

(«) - vS - {jp -{- r^jl.) 0. 

(&) and {rjfi) -vS- (jp - r^Kp^) == 0. 
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In these two equations wc have 

(i) c = - ( 7 > + r.JL) ■, h -v, (I li. 

{ii) c b -v, it rJit. 

Hence the diagrams are as follows- - 

The real axis is still a tangent to tho circle in bi>th cases ; tHi is, 
however, no longer a diameter, hut lags or Iea<l.s relativi'ly to its 
former position. This is illustrated in h'ig. 12 for tlu^ case st*lf- 
induction, and Fig. 13 for capacity. 

We may, of course, discuss the matter by eliminating v as we 




did before. Referring back to the etpiation given al)ove. ue see 
that we now have in the case of self-induction 

(yg/T*) = t)a -}- rJL, tind {yj ft) ‘lam /> i vm. 

The second of these equations remains tlui satne in all cas<“s. 

Put a = S cos 6, and m = S .sin 0. We then gtd 

V — 2 (^2/7*) h' cos 0 - p/{S sin 0), 
and va = 2 {r^llA cos®0 - p cot 0, 

thus S® (cos^fl -sin®0) = 2 (^ 2 //*) h'* coi^<^0-p cot 0 } y^fl. 

5® = {PfI’'^ ® ’I' 

In the case of capacity we merely have - r^A'/)* instt'ad of rJL, 
and we, therefore, get 

S® = iPFl^i) cot 0 - rz^P^^ 

In the former case, if S = 0 wc have cot 0, y.^l{Lpfi). S now 
becomes zero for some definite value of 0 different from 90", ami 
the diagram, has the shape shown in Fig. 14(«) when we use self- 
induction in the stator. If condensers are used we obtain the 
shape shown in Fig. 14(6), and a, the decrement, vanishes for some 
finite value of the current. The torque is still proportional to S*. 
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Since the decrement is still proportional to the slip, it follows 
that at the point of unity power factor the machine is running in 
synchronism. Beyond that point it is running above s 3 mchronism, 
and there will be an increment instead of a decrement. If we com- 
plete the discussion of this case by considering a second primary 
coil at .'v == c we shall find that the machine on the whole is now a 
generator. 

We saw that stator self-induction or capacity produced no effect 
on the equation determining the slip. This equation, viz. {rljbi)2mn 
:= p — vm, may be written ylx - zff(2c)] =pj(2c), which represents 
an hyperbola. Hence the speed construction remains the same in 
both these cases. In any case, no matter what the angle of lag 



at starting, the hyperbola passes through the point of the curve 
corresponding to v = 0. As the hyperbola is independent of the 
stator self-induction or capacity, it is the locus of the starting cur- 
rent when we vary the latter. Since the hyperbola is the locus of 
the starting current it is clear that the angle of lag at starting is 
affected by the use of condensers (5i) or self-induction (S^). In 
the former case it is reduced and in the latter increased. 

Having now considered the case of rotor resistance, either alone 
or combined with resistance, self-induction, or capacity in the 
stator, we ma}^ now consider the cases of rotor self-induction and 
capacit3^ 

The case of rotor self-induction is very simple. We have already 
derived the equation {Lo//i)S'’^ == 1 for this case ; whence it follows 
that 5 = n: = at all speeds. The apparatus will, therefore, 

absorb a constant current lagging 90'" behind its electromotive 
force at every speed, there being no phase splitting and, hence, 
no torque. 

Such an apparatus is thus only suitable for i^urposes of neutraliza- 
tion and not for power. Hence, even if we supply a machine having 
merely self-induction on the rotor with a stator winding having 
resistance or capacity to produce phase splitting or even a uniform 
polyphase winding, no torque can result. Thus this simple investiga- 
tion disposes of a whole class of cases. 
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In the case of condensers, the equation we tl«Tivecl was 
(jp _}. t,5)a. Putting lUKfi) — and transposing, wt> g»‘t 

(vf - w®) Sa - 2vjt>S - ■ UP) * 0. 


Solving this quadratic in S wo got 


S = jm — 


vjp r|- '\/C~ f ^ (^’®n 

v% — v^ 


or 


S 



Vo I V 




At zero speed we have a current OS^ ^ sjxn^fl iim^s 
the current falls if the rotor revolves in tlu^ sanu* dii‘t‘(*tion as ilu^ 
field, and rises if the rotor rev<)lv<\s in tlu‘ oppttsiit^ direction. At 
the same time ni the number of polos pt^r unit Uui^^th \'aritN prop* a* 
tionally to the current. This is the l>oj>])l<‘r as it appiNirs in 

our case. 

We have seen that the case of rotor oond<‘nst‘rs ^ivt‘s rise io an 
interesting result, viz. an analogue of tin* Doppler T.et ns, 

therefore, now attempt to investigate tlu‘ cas<‘ of rotoi t‘on<h‘nsors 
and stator resistance, inductance, or capacity. 

1. Siator siclf -induction ^ Putting an<l Z^ • l/(/v/>), 

we get 

dt’ iz' dx^~ ^~dfA \di ■ '',/v )l 

Remembering that d/di=Jp + vS, in ('ast' 2 abov*' wt> get i.ii 
substituting 


T^KKfi) UP + vS) S® = 1- vS)<> i ;;■/>'{/ JO. 

2. Stator resistance 


ri d^O „ d*<l> , /dd> d*P\ 

",/vJ 

OP + vS)’ h/p.'K 

3. Stator capacity 

i £!£— . E-- 

fj,' dx^~ dt^ + ^^d^ * ) 

•*' = (?!^ + wS)« 4- UP f tf5) 

Expanding the three equations they may be written as follows, 
putting 1/(1?:^) = »a 
1. Resistance 


- V*) S» - 2(}pvS + p‘ 11 + l/U'Kpri)] » 0. 
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2, Capcicitv 

52 ^jpvS (2 + KJK^) + P^ {I + KJK^) = 0 . 

3. Inductance 

(v^ - v^) vS^ + (Vo - Sv^) jpS^ - - SjpHS -jp {IfLK-p^) = 0. 

'rhe first two of the above equations may be treated by the same 
method as that applied in the case of rotor capacity only, viz. by 
solving the quadratic in S. By this means we get the following 
results — 

, W zh VI 5“® 4- (t'l - W®) [1 + ^ 

1. s 

o c .^v{\+K^(K^)-l:V\vHl+KJK^) + {vl-v^){l+KJK^)\ 

2. S =^3P 



CIIAl’TICR VI 

SOME MECIIANK'AI. AN M.OOl I- s 

From the mathematical discussions in (lu* juiTcdiuK t ha|)(crs 
it is very difficult to form a I'lear physi<'i»l oi tht> phenomena 
actually taking place — at any rat«‘ Ifu* author timis it so. On the 
other hand it is inadvisable, from the point ol view of eleanu’ss, to 
burden a mathematical invcatigatw>n witli long pli^'sieal explana- 
tions. It has, therefore, been d<'cided to take the subject up afresh 
from the physical standpoint, and to I'luleavonr to givt* a clear 
account of it as free from mathematics as possible, ref<*rriug the 
reader for proofs to the preceding chapters where necessary. 

Let us first consider under what rou<litiuns it is pi>ssible toi a set 
of conductors on an electric machine to ex[H‘ri<'nce a steafi\' force. 


OOOOOOOOOOo OOP O OOP 



There is first of all the ordinary castt occurring in " neutiah/j-il ' 
maclrines in which conductors that lie t)ppositt' to oiu! anoth«‘r on 
the two members carry equal and opposite c.urn'uts except lor a 
small component which serve.s for magnetizing. In this case the 
force on each member is /BAdx, an<l li and A an*, entirely imlejn-n 
dent of one anotlrer. 

In certain types of machiue.s, sixch as contiimous-current and 
synchronous machines, B and A arc not iu<lependeut, it being 
possible to express A as a function of li. In thest; ma<duju>s flu-re is 
no neutralizing winding, the winding on one member the liehl 
being concentrated in one large slot per pole. An attempt i.s usually 
made to reduce the distortion or inflxtencc of A on tlm distribution 
of flux density B as much as possible by exaggerating the field 
^pere-tums relatively to those of the armature, and by employ- 
ing long air-gaps, high saturations, etc. In this matiner those 
cases are made to correspond approximately to those in which a 
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neutralizing winding is employed. An entirely different treatment, 
however, will be found below, in which the force is expressed in 
terms of the distribution of the field. 

As an illustration of this we may apply the investigations of 
Part I to the only case in which windings concentrated in a single 
slot arc widely used in practice, viz. that of the synchronous and 
continuous-current machines mentioned above. To the case of the 
synchronous alternator these investigations arc directly applic- 
able if we consider a machine having as many phases as there are 
slots per pole, each phase being closed through a resistance load. 
We then have the exact case discussed in Part I, of a concentrated 
" primary winding carrying continuous current in this case and 
“ secondaries short-circuited through resistance only. If, there- 
fore, we put /> = 0 in our previous equations (page 18) we shall 
get a solution applicable to this case, viz. a = vfj,l{2v^) ; p =;;/ 
= 0 ; giving B == Thus the flux density in the pole face 

is distorted by the action of the armature currents, and is distri- 
buted (assuming an infinite number of slots) in accordance with 
an exponential curve with an increment in the direction of motion 
and whose exponent is proportional to the speed. We shall see from 
the principles developed below, that when there is an increment in 
the direction of motion the torque produced is opposed to the 
direction of motion, as, of course, is the case in the apparatus w^e 
are discussing. In fact, since B is a function of A the torque ol 
the machine can be exprcs.sed purely in terms of B, and the methods 
of regarding the question which are discussed below apply in their 
entirety. 

To understand this clearly it wall be best to start by considering 
a single conductor carrying a current and l^dng in a magnetic field. 

Let this resultant field, for instance, be compounded of an original 
field and the field due to the current. The field will be strengthened 
on one side of the current — that on which the magnetomotive force 
H due to the current assists the original field — and weakened on 
the other where they are opposed (Fig. 16). The net result is a 
force moving the conductor in the direction of the weaker field. 
The amount of this force is equal to the difference of magnetic 
energy density \fiH^ on opposite sides of the conductor. A more 
usual expression for this force is F BA. Since, as we saw above, 
A =dHldx = (1//^) {dBjdx) in the dynamo-electric machine, we 
have — 

Force on a system of conductors extending from = A to 
X:^B 

- - Lb (dB/dx) dx - Hi) 

the same as before, since B — (mH . 
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The expression F — 
form F — BN, for 


/.*'") may also be writtfii in the 


•Ifi 




= current between />’ ainl A iuuUii>Iie<l Itv lif mean ileiisiiy. 

If, therefore, we can by any means wlnatever m'( nj> a liilteieiu c- 
of magnetic densities on opposite siiles of a euti eut can \ iiif^ <on<luc 
tor there will be a force acting on I he e«»n<lu<‘tor. Since (he toice is 



Fig. 16 



proportional to the square (and not to the linst powia) of the den-ity 
the direction of the lines of forci' is immaterial i.t*. whetln-i np 
wards or downwards in l^'ig. 16. 

Now suppose a number of conductors to In; arranged on tin- 
periphery of air electric machine, ami consiiler the torque ou the 
whole set of conductors in various instances. If the distrihufion 
of B is periodic there can be no rc.sultant torque, for if the torque 
on conductors (1) and (2), say, ha.s a certain direction, that on 
conductors (3) and (4) will be in the opposite <lire<;tion. 

If B, however, starting from a ci'rtain point continually gets 
less and less following an asymptotic curve, tlu* force on f\'er>‘ 
conductor will have the .same direction. If this curve, however, 
crosses the zero line, the intensity of B increasing in the* opposite 
direction, the force will reverse at the point wluTe the imrve cro>ses 
the zero line. 

Some possible distributions of density are .shown in the table 
below, together with a note of the force given by them. 

1. Asymptotic carve. The force on every conductor is in the same 
direction. 

2. Sine wave with decrement. While the force on everj' conductor 
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is not in the same direction, the average force over^^cdismlete 
period always has the same direction. ^ 

3. Sine wave or other periodic curve. There is no result aiT 
over a complete number of periods. 

4. Straight line. The force reverses where B reverses. The direc- 


tion of the resultant force depends on whether the positive or 
negative flux is the greater. 

It is important to notice in cases in which we have two conductors 
close together, as on the rotor and stator of a dynamo-electric 
machine, that the force referred to is the force on both conduc- 
tors considered as a single system. For instance, in the case given 
in Fig, 21, in which the stator and rotor currents are equal and 
opposite, there may be a uniform field and, consequently, no 
resultant force, and 3^et large relative forces between the rotor and 
stator conductors. 

This, however, is an essentially difterent case, though it is the 
principle on which the torques of almost all existing machines 
depend. For instance, if we have two equal and opposite currents 
in a magnetic field the distribution of flux which they will produce 
is shown in Fig. 17, if the line joining them is parallel to the original 
direction of the flux. A couple will then be exerted, tending to turn 
the conductors into such a position that the lines threading them 
will be as few as possible. If, however, they are mechanically 
constrained so that they cannot move in the manner indicated, 
one of the conductors will continue to be urged to the right and the 
other to the left. If we have a succession ol such pairs as shown in 
Fig. 21, the lines will take the form shown, and equal and opposite 
forces will be exerted on the two sets. 

In the case in which is a function of the time, and thus admits 
of a mean value, i.e. is a periodic fmiction, we have 


Mean of {Bl - Bl) == Moan of B^ - Mean oi B'i 


Hence, in this case 


Mean force = ^ (difference in mean square densities). 

* jujll 


Hence, in order that the mean force on every conductor shall 
be in the same direction, it is only necessary that the mean distribu- 
tion of density shall be asymptotic. For instance, if the density is 
distributed as a travelling wave with decrement, that is, B — 
sin (J>t — nix), then for any value of x such that mx = a, the mean 
value of jS® since the mean of sin® {ft - a) = j, indepen- 

dently of the value of a. Thus, such a travelling wave would give 
a mean force having the same direction for every conductor. 

The theorem that the force on a body is equal to the difference 
of energy densities on either side of it is in no way peculiar to 
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electricity, but is a gt^iuTul thcori'in ot nirclhinic'^, Im ill'll. nii t*, 
the average force per square iiu'li <»n a piutition ijet\vet*n t\Nt» Jiuids 
of different levels is proportional to tlu‘ uu'an pit‘ssuu*, i.t*. to the 
mean density of potential energy on the two sides, in a v ihrating 
cord or chain the force betwi‘en a<ljacent links is piopoi t ional to 
the (difference between tlu‘ kim^tie eittagicN ih‘ the links. 

We have now to consider what nannis nui\‘ In* adopted in tin* 
various electric, hydraulic, etc., eases to n*ali/.(* a distnlniti<»n of 
magnetic, potential, or khu'tic (‘iiergy, ete.. adapt<*d !♦> give a stt^idy 
force. 

We have seen that if we can by an\' means pjodme a tiaveiling 
wave moving in the direction in which wc* wish tla* fon e to be, wt‘ 
can obtain such a forct'. if ilu^ wa\‘(' has a di*t*n‘!uent in tla* diie<* 
tion of travel, but not otlu‘rwise. If th<‘!(‘ is no ileeiem(*nt tluae 

c 
c 


will be no mean force, while if llieit* is an iiu'naiu'iit theie will he 
a force opposed to the direction of trav<*l. Our imjuirv then le-a^Kc-. 
itself into a study of the. means of production (»!’ such w.ive^. 

Two distinct types of electromagm^tit' transmission exist wheiebx 
enei'gy may be transmitted from one ]>lact‘ to another ahaig a 
line — 

1. The typo so much studied in conuectiou with t allies, ei< m 
which the current flows along tlui axis of and the magnet ie lines 
form closed rings round it. The (‘U*ctrostatic lines are nicli.d m ai 
the cable, and if it is suflicieutly long both ends rest on ditteit*nt 
parts of it, these parts being a half wav(*length apait, hnetp.y 
flows along the cable in the form of waves at a deliniti^ speed, as 
has been very thoroughly discuss(‘d by Kt^lvin, Heaviside. Pupin. 
and many others. 

2. It has not hitherto been realiy.ed that tht*n* is anotht*r tyjH’ 
of power-’transmission line possible in which the functions of tlu* 
electrostatic and magnetic lines in tlu^ above* t*xampU? art* inter* 
changed. 

Consider a closed iron core (Fig, 18), the two liml).s of wliich, A 
and are separated by a certain air-gap and carrying at least tw<^ 
electric circuits, a transmitting and a receiving circuit. Magnetic 
lines circulate round the closed core, and, if they vary witli the 
time, electrostatic lines encir<flie it in the manner shown on the 
right. The effects of these lines may be made evident by causing 
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a number of conductors (in addition to the transmitting and receiv- 
ing circuits) to encircle the iron core, whose circuits are completed 
through resistance, inductance, or capacity. If the air-gap between 
the two limbs A and is sufficiently small, an electromagnetic 
wave will be formed as shown in Fig. 18 in the case of resistance 
and capacity', whereby energy is conveyed from the transmitting 
to the receiving circuit. The wave of flux cuts the receiving circuit, 
inducing an electromotive force therein, and if it is closed a current 
will also flow of such magnitude that the resultant magnetomotive 
force summed round the entire circuit and including that required 
to overcome the reluctance of the iron is zero. 

If these intermediate conductors be omitted, and the air-gap 
between the two limbs be made large, our apparatus reduces to 
the ordinary transiormer, which we nm 3 ^ compare with an ordinary 
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electric circuit, too short to permit ot the development of a wave 
(see Fig, 19). Jii the electric circuit a difference of electric potential 
IS set up by a generator of some sort between the limbs A and B, 
while ill the transformer a difference of magnetic potential is set 
up by the primar^^ or transmitting coil. 

In the electric case (Case 1) this electric difference of potential 
appears almost unchanged at the terminals of the receiving circuit, 
being diininislu‘d onl^^ h}' tlu‘ drop of pressure due to resistance m 
the line. In the transformer the magnetic difference of potential 
set up b}' the jirimary also appears almost unalteied at the ex- 
tremiti(\s of the secondaiy, n^diicecl only by the pressure drop due to 
reluctance in the iron. The electric potential difference of Case 1 
is finally bqlancHHi by the potential diflei’encc across the receiving 
circuit, while in C'ase 2 the magnetic j^otential difference is balanced 
by that due to the secondary or receiving coil. Just as any electric 
circuit has some self-induction, though this may be very small, 
owing to the fact that some magnetic lines interlink it, so any 
magnetic circuit has some capacity owing to the fact that some 
electrostatic lines interlink it. This is so small in an ordinary 
transformer that even its theoretical existence is scarcely recog- 
nized ; but it becomes evident at once if we surround the limb 
of our magnetic circuit by a conductor, or conductors, whose cir- 
cuits are closed by condensers, say. The effect of this is analogous 
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to siirromidiiig au eloctric circuit with an iron cure, lu this case, 
in spite of the formation of a travelling wave, the whole of tin- 
energy entering the primary is received by the st*comlar\-. 

If the conductors of Fig. 18 arc closed throiigli a ie'.istan<e. 
however, a wave will still be formed (.see (.'hap. V), l»ut it will he :i 
wave of decreasing amplitude whose energy is grachially ahM>rhetl 
by the resistance of the conductor and traush>rme«l into he.it, so 
that but little of the energy entering the primary coil mav reach 
the secondary or receiving coil. 

Such a wave satislie.s the conditions laid down ahuve a-, being 
necessary, in order that mean force may i-.xist on the condnctuis 



and that the force may always have tint .same diii-ction. It is 
shown in Part I, in fact, that the air-gap density /*' is ilcnoted la- 
the equation B — BuC** sin {jht-mx), a, Ji„, i>i, and /> having valm-s 
determined by the circumstances. 

There will, therefore, in such a case be a force on all the shoji 
circuited secondary conductors urging them away from the prim- 
ary, that is, the secondary will be repelled from tin- primary ami 
the primary from the secondary. This statinuent may he intt*r 
preted to include the receiving coil among tlu- secondary circuits it 
desired, or we may consider that practically tlus whole <»f th»- i-nerg\- 
of the wave is absorbed before it reaches tins receiving coil, whii-h, 
in this case, may be neglected. This force is usually sai«l to he <lue 
to the Elihu Thomson repulsion effect. 

Let us consider the root-mean-s<iuaro distribution of current 
and energy density or B® in such a transmission, incliuling tlu? 
transmitting and receiving circuits. 

The air-gap density on the outer side of the transmitting coil at 
C is zero, as there is no reason why the lines of force should cross 
the air-gap in the manner shown dotted rather than pass wliolly 
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through iron as shown in the full lines. The same applies to the 
outer side of the receiving coil, also shown dotted. We may, there- 
fore, conceive the function of the primary coil as being that of 
increasing the air-gap density from zero at C to OA (Fig. 20). 

The primary'' current density (ami:>orcs per cm. length) which is 
constant is shown in curve 11. When the density has reached the 
value Oa at O, due to the action of the primary coil, it begins to 
be reduced by the action of the short-circuited coils as we proceed 
from O to the right towards y!>. The current shown in curve If is 
now reversed, and, instead of building up the density to still higher 
values, begins to reduce it again. When wc reach p the remainder 
of the density is absorbed by the receiving coil, on the further 
side of which it is again zero. By a fundamental law, as we have 
seen, (1//^) {iiBjd.x) — - A, the number of amperes per cm., and. 



hence, the current curvtb is the sIojk* of the curve of densities and 
changes sign when this slope changes sign. This is clearly shown in 
the curve marked / / . 

If we compare two cases : (1) that in which there is a number 
of conductors arranged in slots and all carrying the same current, 
and (2) that in which there is a number of pairs of conductors in 
correspciiiding slots carrying equal and opposite currents (see 
Fig. 21), we see that in Case 1 the density continually becomes 
greater and greater, while in Case 2 the density is constant in all 
the teeth. 

The function of the second set of conductors, therefore, may be 
said to bo to n^stoni the energy density or in tho.se parts of the 
system where it has been weakened by the first set, and to weaken it 
where it has been incrc^ased beyond the average. For instance, in the 
figure the effect of the second set of conductors is to cause two 
lines to leave tooth 3 and traverse tooth 2, and two lines to leave 
tooth 4 and traverse tooth 3. Hence, if one of these sets of conduc- 
tors be primary and the other secondary conductors, we may say 
that the primary conductors continually restore the densities which 
would be reduced by the action of the secondary conductors. 

In the case of the transmission previously discussed, however, 
the density is built up to its maximum value in one part of the 
system, and reduced again by the action of the secondary in another 
part~an essentially different arrangement. 

3— (55JtO> 



34 


THEORY AND DESIGN OF KLHi TRH^ MAdllNhS 


It is not necessary that tlu* twu limbs ut unr systrm shouhl lx* 
made in one piece, Init there ma\’ be an air gap lH*t\vt*eu thfin, as m 
Fig. 22. In this case let the primary b<* lu‘ld tixeii ami attaelaul 
to the lower limb B, while tlu‘ receiving coil is i*ither lixetl ami 
attached to B or movable and attached to A , and tfu* slttni <‘ircnitt‘tl 
conductors c, c, c are attached to A. 'rhen there will be a lonx* on 
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the limb A relative to the limb B, which will tend to nutve .1 in 
the direction of the arrow when B is fixtsl. 11 tin* im»tion protltiet*d 
by this force is to be continuous, ])rovision nnist l>e in«ide toi 
replacing the conductors c, c, c by otht*rs as they inovt* a wav tri)in 
the primary. 

It is also unnecessary that the primary coil should surnauul thr 
limb A, but it may surround the liml> // instead, as shown <lotteii in 
Fig. 22. All that is necessary now in ord(*r to get continuous nda 
tion is that the limb .4 shall be made in annular form, as in big. 23. 


Transmitber 




where the traiisiaiitting and receiving windings are shown wontnl 
into large slots in a segmental stator whic'h tcTminatt»s at />, It 
is essential in this construction that it should tenninute at D, as 
if it did not the primary would transmit waves tsciually in both 
directions and there would be no resultant torque* 
pother method whereby the transmission of waves from the 
primax-y equally in both directions may be prevented, is by placing 
the receiving coil so close to the primary that the wave is absorbed 
by it before it has decreased much in amplitude, the wave trans- 
mitted by the primary in the other direction travelling qixite freely* 
We may suppose that a multiplicity of such separate systems, 
as shown dotted in Fig. 24, may be mounted so as to interact with 
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a singU*. rotor, or wo nia\' suppost' that ono sy^stem extends all 
round. In eithta* case wt* have to ronit^niher that by proceeding 
sufhciently far I'onnd the core in a given direction we return to the 
same point. 

Bearing this carefully in mind we may regard our system as cut 
at A (h'ig. 25) and <lovel<')ped into a flat surface ABH, in which case 
the two ends rt‘all\’ represent the same point. In this figure the 
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wave is propagat<‘d from the transmitting or primary coil in the 
direction ol tlie arrow completely round the periphery until it 
reaches tlu‘ receiving coil, where it is absorbed. Having been 
absorbed, either fresh energy is imparted to it by the transmitting 
coil and it again passes round the j>eriphery, or a new wave is 
generated by the transmitting coil. Which of these two cases will 
occur depends entirc'U’ on the arrangtmient of the windings between 
'r and N, In what(‘ver way they arc arranged, however, their 
ultimate object is tlie absorption of a wave of small energy (the 
less the bidter) and the emission of a wave of much greater energy. 

Before proceeding much farther with the electrical case of our 
theorem, it will b(‘ well to d<weloj> and apply thereto the well-known 
mechanical case of a vibratory cord. 


CHAPTER \TI 


A MECHANICAL ANA1.0GY TO THK VIHUAIIUNS ol- 
THE ELECTROMAGNETIC SYSTl-.M 

Before proceeding any fax'ther we shall explain moi** fully tin- 
well-known analogy between the vibrations of oiir eU‘etri<'al s\-stem 
and those of a cord, which wo shall .snpiH>se to be snbmitfecl to a 
total tension P and of such length that tlu* displaa-nient v of the 
cord perpendicular to its length, i.e. tt» the .Y-axis, is atway.'. very 
small relative to the total length. Now the tt-nsion of tin* eor«l is 
ever3rwhere the same in amount and parallt-l to tlu* tangent to the 
cord. It, therefore, varies in direction owing to tin- eurvature oi 
the cord when in vibration. Now the force tending to nuiye any 
element of the cord is equal to the difference of t<*nsion tm the two 
ends. These tensions, as we have seen, do not differ in absolute 
magnitude, but only in direction, and for .siu'h small lengths of ctuti 
as we may assume to be circular arcs the diffen>nce of ilirection is 
proportional to the length of the element Hence, if d !' be the 
difference of the tensions, wti have ‘ 

dTjds f«)rce tending to move da. 

This force is necessarily perpendicular to tlu- cord, .since the 
components of the tension on either end of tin* cord taken parallel 
to it are equal and opposite. 

Now since the tension of the cord is constant in anunint ami 
varies in direction only, dTjds is proportional to the curvature of 
the cord at the point considered. 

On the assumption mentioned above that the disphux-ment is 
small relative to the length, and that the .slope of the cur\'e is, there- 
fore, never very large, wc may replace s measured along the curve 
by X measured along the axis, and thus obtain another expression 
for the curvature, viz. d^jx^. 

We may now write — 


P {dy^fdx^) = P, 

where P = initial tension on the cord, 
and F == force perpendicular to x. 

This force must be equated to the mass x acceleration of the 
element perpendicular to x. If the mass per unit length be p 
this gives p {d^yjdt^) = P {d^Jdx'^) as the equation of motion. 

36 
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Let us now compare these equations and the quantities contained 
therein with those of our electromagnetic system. 


Electric System 

O = total flux at a point. 
— ixmo, rate of change 
of <}>. 

d^^ldt — E, electromotive 
force. 

d<^>ldx ^ B, magnetic density. 
d^<5>ldx^ — TZ±e of change of 
density. 


Mechanical System 

y = displacement. 
dyjdt = time rate of change 
of y. 

dyjdt = V, velocity. 

dyjdx == y\ slope of the curve. 
d^yjdx^ = curvature. 


{Ij fi){d^^ldx^) ^ A, current per 
unit length. 

If we assume that 

A JC {dEjdt) 

our circuit being closed 
through a condenser, we get, 
substituting for E, 

{\lljL){d^^ldx^) = K{d^<l>ldi^) 
two perfectly analogous equa* 
tions. Also 

JT A == power at point .r. 


(d^yjdx^) == F, force perpen 
dicular to x per unit length. 
Putting F = p {dVjdt) = rate of 
change of momentum, we get, 
substituting for F, 

P (d^yjdx^) == p {d^yjdP). 


FV == force x velocity 
~ power at point .v. 


Wc have soon that the following equations hold 

P 


Thus there is a complete formal analogy between the two cases 
which we shall find helpful as we go on. For instance, no abrupt 
change or discontinuity can take place in the flux ^f> owing to the 
fact that magnetic lines are always closed, and similarity since we 
suppose our cord is continuous, there can be no abrupt change in 
the displacement y. 

We have seen that whether we consider the mechanical or the 
electromagnetic case, we arrive at the equation d^yjdx^ == cid^yjdt^). 

The solution of this equation, subject to the condition that when 
.V = c. y is a pure sine function of is 

y .-rr: A sin {mx + pt) + E sin (mx — pt), 

A and B being arbitrary constants. 

Two terminal conditions are necessary, and two only, completely 
to determine the constants A and B, These may conveniently be 
values of y at two different values of x. It follows, therefore, that 
a knowledge of the values of y for two given values of x completely 
determines y for all other values between the two given values. 
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In the case of the vibrating coni this is (^asily s<*cn from tlui 
physical standpoint. If we know the motion t>f tlu* two eiuls of tlie 
cords, the differential equation d('termiiu‘s the motion of any 
intermediate point. 

Similarly, if we know the flux entering the two <m<ls of f)ur 
apparatus we can tell how it is distributed at inttu*nu‘diutt‘ |>oints. 

If, however, we know the motion of more than two points of 
our cord we must divide it into a numlH‘r of s<‘<'tions. a<‘eor<ling to 
the number of points whose motion is known, Iu>r instan<H‘, if wt* 
have a cord whose motion is known at tiu* points A , D, K, /•', wt* 
must regard the sections AB^ B(\ f7>, DE, an<l EI^' as s<*]>arate 
cords vibrating independently (see h'ig. 28). 

If we suppose that at the point B the cord is tdampt**! to st)m(* 

A B C D E F 

1 1 1 1 1 
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support which vibrates with a simpk* harmonic motion or othei- 
wise, as in the figure, it clearly makes no diflen^nce, so haig as tlu* 
cord is clamped at the given point and submit t<*d to a forced 
oscillation whether we cut it or not. If, tIu»ndon*, \w n*gard the 
motions of B and C, say, as known, and ix‘gard tint <*ord as rnt at 
these points, the motion of the remaining ]>arts <^f the eord makt^s 
no difference whatever to its motion l)etween B and (\ In Uwt, 
we can remove the remainder altogether wdtiiout ailecting tlu* part 
between B and C. 

The above is the physical view of th(‘ fart whieli upinsirs math<‘ 
matically in the statement that two terminal conditions comph*tt*ly 
determine a particular solution of our ecpuition. 

The net result of the above discussion, them, is tht^ folkiwung 
statement. 

If at any two points a cord {or electromagnetic system) is subjected 
to any forced motions whatever, the motion of the cord is completely 
determined between the two points, and is absolutely independent of 
the motion of any other part of the cord. 

Since, in practice, our electrical system will usually hav<^ its 
conductors disposed in a number of separate slots, it will be con- 
venient in some cases to imitate this by considering a chain having 
a number of links of definite length instead of a flexible cord. The 
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chain or cord is stipposecl to vibx'ate in a resisting medium producing 
a decrement. 

The analogue of our electrical system is then the following. 

The cord or chain is supposed to vibrate between two sliders, 
whereby the ends an' hc'ld and a certain tension imparted. No 



matter how great this t('nsioii the sliders are suj^posed to be without 
friction or mass, unless oth<*rwise stated. If the slider at one end 
is set in simple harmonic \dhration, say, by a crank and connecting 
rod nu'chanism as in Fig. 27, while the motion of the cord is damped 
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by friction, a dt'crea.sing wave will travel from the end in forced 
motion to the other end. 

In the general case both (mds may be m forced motion, and in 
this case the left-hand oscillator produces a wave flowing to the 
right, and the right-hand oscillator a wave flowing to the left. 

This is readily seen in cases where the damping is so great that 
each wave dies away before the other commences (Fig. 28), but 
even if this is not so the two waves will exist superimposed on one 
another. The amplitudes of the two waves will be such that the 
sum of their amplitude at the two ends is equal to the known 
amplitude of the forced oscillation at every instant. 
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Suppose, for instance, that the left-hatnl oscillator A (Fig, 27) 
produces a wave travelling to the right, and that the coni docs not 
terminate at B bxit extends as shown dotted to an unlimited <listunce. 
Then the slider B will bo set in oscillation in a certain definit*' 
manner, depending on the amplitude an<l freciuency of A s oscilla- 
tion and the mass of the cord togetluT with the amount of damping. 

Suppose now the slider B to be kept in a force<I state of motion, 
by means of crank mechanism or the like, which is exactly the sanu* 
in frequency, amplitude, and phase as that which it luul before 
when it was free, while that portion of the cortl shown (lotted on 
the right is removed. The motion of tin; cord between A and Ji 
will be absolutely tmehanged, the crank mechanism now supplj-ing 
the force previously supplied by the reaction of the part of the coni 
showm dotted on the right. 

Under these circumstances, the wave gt'iu'rated hj' tiu* oscillator 
A is said to be completely absorbed at B. ('omplete absorption 
can only take place for a single particular amplitud** and phase 
of the oscillation at B, viz. that determined by the wave motion 
due to A. If the motion of B differs from this, a second wave jis 
mentioned above wall start from if, travtdling towards the h‘ft and 
having an amplitude at B at eveiy instant e<}ual to tht* diilerenctf 
between that of the wave determined ly A at if and the forced 
amplitude of B. This differential wave is usually sjxtken of as a 
"reflected wave" when regarded with reference to A, W'hih' the 
wave travelling towards B and away from A is called the " incident 
wave.” 

Two particular cases of reflected waves are of .sjM'cial intere.st 

1. The case in which B is permanently fixed and its amplitiide is 
zero. The wave due to A is then sjiid to be completely reflected at 
B. In this case the forced amplitude of li is zero, and tin* magni 
tude of the reflected wave according to the above nde is e(jual to 
the difference between zero and that of the wave determined b}* 
A. In other words, the incident and reflected waves are e(juul 
and opposite at B, their resultant being, therefore, zero. 

2. The case in which the slider at B is quite! frt^e, the! cord l«*ing 
supposed to terminate there. This must be carefully distinguisherl 
from the case discussed above where the slid<!r was tiuite free, but 
^e cord (shown dotted in Fig. 27) was supjxKsed to exteiul to 
infinity. As mentioned above, the forces due to the reaction of the 
right-hand or dotted section of the cord serve to modify the motion 
of the cord between A and B, which is, therefore, tlifferent from 
that of a cord terminating at at which point, therefore, the force 
acting on it is zero. 

We saw above that the force on our elastic cord was proportional 
to its curvature, and it is easy to see that the curvature of an 
elastic cord naturally straight will be zero at a free end, but not 
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zero at all times at an intermediate point of an indefinitely long 
cord. 

The following considerations will help us very much to obtain 
clear ideas of the motion of a cord having a free end — 

The waves we have hitherto been discussing have been waves 
of displacement from a mean position which the cord would have 
if there were no motion. Since the force acting on the cord at any 
point is proportional to the curvature of the cord, such waves of 
displacement must be accompanied by waves of force of the same 
general shape, but differing in magnitude and phase. Such a curve 
of force distribution is plotted in Fig. 29. and has a fixed phase 
relation to the wave of displacement so that it moves at the same 
speed. 

Instead of considering waves of displacement, therefore, and 
deducing therefrom the values of the force at any point, we may 



consider waves of force directly and deduce therefrom the dis- 
placement at any point. Tf we do this, the present case in which 
the slider B is free is reduced to the former one, since the force at 
B is now zero, whereas before, the displacement was zero. Hence, 
everything said about Case 1 applies to Case 2, if we interchange 
the two words " displacement ” and " force.” In other words, we 
may state the following theorem- 

The two cases of a cord carrying wave motion and fixed at one end, 
and that of a cord carrying wave motion and free at one end, are 
reciprocal to one another, the force in the second case corresponding 
to the displacement in the. first. 

Hence, if the tsnd of the cord is free at B, and the force, therefore, 
zero, we can decompose the force wave into incident and reflected 
waves which are ecpial and opposite at B, their resultant being 
zero. Thus, in Case 1 the displacement is completely reflected at 
B, and in Case 2 the force is completely reflected. Similarly, if the 
force tised to drive the slider at B be equal to that exerted by the 
incident wave, due to A and B, we have a case where the force wave 
is completely absorbed. 

Since, as we saw above, force corresponds to current and velocity 
to electromotive force in the case of our transmission, or, con- 
versely, force to electromotive force and current to velocity in the 
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cable, we may compare the coni havitig a free tnid with a rahU^ 
having its end earthed whore the t4(‘etn)motivi‘ is Z(*n> but the 

current free, while the cord with the fixed en<l we ma,v eompan^ with 
the cable whose end is insulated, so that tlu‘ eurn*nt (vel<K‘it\- in 
the mechanical case) is zero, but the (4tn*tr<»niotive forct‘ free. 

We have now carried the nicclianical east* of <»nr gt‘m*ral physical 
theorem to a point where we may ust*fu11y <*m|>loy it further to 
elucidate the electromagnetic cast*. 

We may compare the primaxy or transmitting coil to the oscilla 
tor A, and the receiving coil to the oscillattir />', whi<‘h al’>'-orbs 
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wholly or partially the oscillations transmitted from J. If work is 
done by A on the cord in setting up tin* tjscillatitux, an amount ut 
work may be given out by D etiual to that juit in, less tht* woik 
done by the cord on the resisting medium. If flu* work done by tht* 
cord is equal to the amount put in at A, then tht* wavt* dies away 
before it can reach B and B can do no work. ICxatdly tlu* same 
remarks apply to the electrical cast*. 

We saw that it was necessary to considt*r tht* flux at tlu* twt* ends 
of our transmission to be the same on account of its anntxlar natun*. 
To parallel this we must consider the displa(*t*mt*nt of tin* twt* entls 
of our cord to be the same, the fact that all magnt*tic lim*s are 
necessarily closed being parallel by consi<U*ring that oxir cortl is 
unbroken and forms a loop. 

Let us now parallel Fig. 25 by Fig. 30. showing tin* t*xu<d rt*la 
tion between the cord and the electromagnetic rase. ‘Ilu* trans 
mitting coil or primary is now compared with A , a slider which is 
vibrated with a large amplitude, generating a wave* which travels 
to the right around the loop, and reappears on the left of B, It 
is there absorbed by S. an oscillator vibrating with small ampli- 
tude, and passes on to A again to be re-transmitted round the loop. 
The distribution of energy density in both cases is exactly the same, 
the object of the two oscillators being, as before, the absorption of 
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a wave of small energy and the emission of a wave of much greater 
energy. 

In both the above diagrams we have shown the two oscillators 
as being each concentrated at a single point of the system, the 
motion of the wave being of the same general type (i.e. consisting 
of an incident and a reflected wave) in both the two intervals 
between .4 and B. If, howevex', B is adjusted to absorb the wave 
travelling from A towards the right, it cannot absorb that travelling 
towards the left as well, and, hence, this wave will be largely 
reflected. 



Fiii 31 


Another arrangement which we may adopt in our cord and 
which has useful electromagnetic analogies is the following — 

Between A and B we have a number of intermediate oscillators 
of varying amplitude and phase, typified by the multi-crank 
mechanism of l"ig. 31, which sei’ve to guide the cord and fix its 
oscillation at ev’ery point between B and A. This converts the 
wave hetweeix B and -*1 into a fox'ced wave, while it still remains 
free in the otlu^r interval between A and B. 

In this case it is perhaps better to think of the cord as a chain 
fixed to the sliders at the jxmetion between two rigid links. 

In the electric case we think of the member carrying the trans- 
mitting and receiving coils as being slotted, and carrying a number 
of intermediate coils excited by electromotive forces of differing 
amplitude and phase — carrying, in fact, an unbalanced or elliptical 
polyphase winding. 

It is clear in the case of the cord that A and B must not be 
placed too close together owing to their different amplitudes of 
movement, or there will not be sufficient cord to allow them to 
execute their vibrations independently. 
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Similarly in the magnetic case, we miist not put and H t<H> 
close together or the density between them (sIojk^ of tin* cord) will 
become too great. Subject to these conditions, hcnvt^ver, they sh<nd<i 
be placed as close together as possible. 

Rotation 

We have now to consider what occurs \vlu‘u the apparatus is 
in motion. As the result of the investigations given :d>ove, we 
find that when the secondary is in motion relativt^ly to ihv primary 
the wave is carried along in the direction of motion, 'rhus, if tlie 
motion of the wave is in the direction of motion of the st‘<H)ndarv, 
its decrement is reduced by the motion, sinc<‘ wlu^n tht‘ secoiularv 
is in motion the wave is carried a greatt^r distanct^ whih* <Itu'rt*asing 
by a given amount. If the direction of the wav<‘ is opposed to that 
of the motion, its decrement is increastnl sinct* tlu‘ wav<* <'annot 
travel so far while decreasing by a given amount, 'riu* dt^crement 
in fact is proportional to the slip between the motion of tlu‘ wave ami 
that of the rotor. 

We also find that in the absence of coiulenstTS t)r commutators, 
i.e. of means for self-excitation, the motion ti^nds to smooth out the 
ripples in the wave, i.e. to incrca.se its wavt^length, and this to an 
equal degree whether travelling with or against motion. 

Fig. 10 , on page 19, .summarizes the characteristics of the wave 
motion in a similar manner to the circle diagram that is in such 
common use for polyphase induction motors. 

It will be remembered that the cqxiation of this curvt* is 

52 = ^2 cot 0 

if the flux wave be represented by 

<l> = giving H {a | jm) O. 

We saw above that the primary amp<‘re-turus are e<pial to the 
sum of all those in the closed secondary circuits, supposed to i'Xt<*n<i 
to infinity in one direction only, say, to the right, from tin* primary 
at = 0. We shall not at first take account of conductors on the 
left of the primary, but, having dealt with those on the riglit in 
the first place, shall find no difficulty in taking account of tin* others 
later on. 

Since A = (1/^) {dBjdx), 

1 t^dli 

Ndx - / % dx 

dx 

= the value of B when jv = 0, since B is zero at infinity. 

Hence the value of B at the origin is proportional to the current 
in the primary coil, and may be taken to represent it both in magni** 
tude and phase. We have just seen that B {a 4 - jm) 0 and 
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E Hence, if we lay out the Ilux threading the primary 

coil, as a horizontal vector in the above diagram, E will be repre- 
sented by a vertical vector, and OP or a -1 jm will represent the 
current in the primary coil. 

This diagram not only informs us as to the values of a and m 
at different speeds, but it also gives the current and power factor 
in the primary coil. It is, in fact, a complete epitome of the wave 
motion at all speeds. 

It will be remembered that we arrived at the following construc- 
tions of the principal quantities involved — 

If OP is a vector to the curve, S^ = cot 0 and SPj is the 

hyperbola, xy ^ />/V('^^ 2 ) intersecting it in S. Then YPi is the 
speed of the wave* ; is the speed of the rotor to the same scale ; 

YP a is the rate of decrement and also the slip of the rotor 
relatively" to the wave ; OP is the primary current ; OY = m is 
proportional to the number of poles per unit length ; UT is the 
torque due to the wave. 

It should be mentioned that the speed v is taken positive when 
in the side we are considering the rotor is moving away from the 
primaiy coil, and negative if it moves towards it. The wave always 
flows away from the coil. 

By way of an example we may elucidate the application of such 
a diagram by considering how with its aid we may calculate the 
wave motion, <lue to a single ring- wound primary co-operating with 
a short-circuited secomhiry. and wound on a core of such diameter 
and constants that the wave motions in both directions die away 
before they interfere with one another. 

First of all, from the dimensions of the a]>paratus, the cross- 
section of bans, core length, and air-gap we calculate the two 
constants rj> and /i, and thence These known, we proceed 

to plot the two curves mentioned above. We have next to deter- 
mine the scale to which Yl\ represents the synchronous speed of 
the wave - pfm. Since OY ^ m, wc can readily calculate 

for any value of OP and the corresponding length of YPj, and 
so determine the scale. 

If we suppose the rotor (Fig. 5) to revolve in a clockwise direction, 
then on the right of the primary it will be moving away from it 
and on the left towards it. Hence, OP corresponding to v positive, 
or moving with the wave, is correct for the disturbance on the right, 
and 01\ {v negative) for that on the left. The first thing which we 
notice is that the ordinate m determining the speed of the wave is 
the same in both cases, and, hence, that the wave flows away from 
the primary coil at the same speed in both directions. But the 
decrements vary very much, being, as stated above, proportional 
to the slip between the wave and the rotor, and, therefore, being 
very great when v is negative, and very small when it is positive. 
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The vector 01\ as has also ineiitioiUMl ulunw ri^i>n‘stMits tlit' 

total cxirrent required in the primary to sxipply the wave motion 
on the right-hand side of it from the primary eoil to iatinity, wliile 
OP 2 represents the current requirexl for the motion <ai the left- 
hand side. The total current in the primary is, tlu^riTore, proiua* 
tional to the vector sum OP \ OP^ - - 20Pi, amh therefore, 
another scale the hyperbola .ry is tlu^ locms of tht» prim 

ary current as we vary the spc'cd. 

It has also been shown (Fig. 10) that thti tx>niiu‘ tine to such a 
wave motion is proportional to the inteirept betwt‘<‘n th(‘ point C 
and the point 7\ where OP (or OP produce<l) cuts a Iu>ri/ontal line 
US. In the case which we are stiuljdng, the resultant torcpn* will 
be the difference between the “motor'’ tonpxe due to tlu* 

wave which flows in the same direction as thr^ rotor, and the much 
larger back torque where T' is the point wlu^re OP producetl 

cuts US, due to the wave flowing in the opposite* direction. The 
resultant torque is always oppose<l to tlu‘ diri‘ctiou motion, auii 
the apparatus is a brake absorbing large lagging i'urrt^nts in the 
primary, the RD losses being supplied by gt‘iu‘rator action within 
the machine. 

The effects of various modilicat ions of tlu* constants of the appa 
ratus on the diagram are fully investigate<l abovx*, sxudi as the 
of including inductance or capacity in the. rotor <'ireuits, 01 ot wind 
ing the stator with auxiliary coils in u<l<iition to tlie t^xciting 
coil, closed through inductance or capacity. How<‘Vt^r, as tin* cast* 
we have discussed is the most important one, it is lunuressarv io 
recapitulate the others. 

Having discussed fully the effect of a singk* ring-wonnd t*xciting 
coil on a short-circuited rotor, we can rc‘a<lil\' prtKH‘t*d to consider 
two such coils spaced a certain distance apart anti currying tKpial 
and opposite currents. These two coils are etpuvalent to a singlti 
drum-wound coil. Having discussed one drum-wtxuud coil wo can 
then proceed by the method of super-position to build xip the 
effects of a number of drum-wound coils, thus arriving finally at 
the exact occurrences which take place in a slotted stator of the 
ordinary type when used with a squirrel-cage rotor. Tlu^se will 
often be found to differ quite widely from those which would he 
expected from the ordinary sine-wave theory. 

We may again illustrate these facts by reference to a vibrating 
cord. As one of the most important points we have to study is 
the results they lead to when limited by certain terminal conditions, 
we shall first suppose our cord to be fixed at both ends. 

The question we have to discuss is : Wliat will be the exact 
character of the motion if the decrement is so small that very little 
of the wave energy is absorbed before it reaches the reflector, sub- 
ject to the condition that the (iecrement of the reflected wave is 
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much greater than tliat of the inci<lent wave, while their wavelengths 
are the same ? 

If the oscillations are so slow that the eye can follow them, or 


if they ax'C observed by stroboscopic means, we shall see a wave 
starting from the oscillator at a delinite rate of travel towards the 


right. As it proceeds this rate 
gets slower owing to the effect 
of the retlecte<l wave, and 
linally, when it reaches the 
reflector, it becomes statiouar^^ 
(see Fig, 32), On the left the 
reflector or fixed point may be 



placed so close to the oscillator 
that the standing portion ol 
the wave extends i^racticallx' 
up to the oscillator, or bettei 
still, we havt‘ a forced wavt‘ 
between reflector and oscillatoi , 
whereiijxon we get practically 
the condition shown m 1^'ig. 23. 

In Fig. 32 is shown an 
electroiiuigiu'tic case ot v-’.: 
such a system in which f-PfJ 
the inculent wave has a 
small decrement, and tin* 
reflected wave a very 
great one. This, as we have 
stated, is chai'acteristic of the 
cas(* when' then' is relative 
moti<m between the ]n*imaiy 
with its refl<'ctor and the 
secondary. 

We see that in this case the 
wave pi'oct'eds much as ])('fore 



till it reaches thti immediate 


Fig. 32 


neighbourhood of the reflector, 

beyond which it cannot pass, and since all the lines of force must 
be closed they are crushed into a very small space adjacent to the 
reflector, giving rise to very high densities indeed at that point. In 
practice, saturation would somewhat relieve these densities. 

Flux and density curves are shown above and below, in the upper 
curve the small decrement of the incident wave and the great 
decrement of the reflected wave (shown dotted) being clearly seen. 
The resultant wave is the sum of these at any point. 

It is easily seen by the aid of the general physical theorem with 
which we started that an increase of density in the direction of 


48 


THEORY AND DESIGN OF ELECTRIC MACHINES 

motion gives rise to a retarding tonjne. \vln<-li in a motor siunild lie 
avoided. 

We shall now endeavour to get a clear phy.'^ical idea ol th<‘ 
method of generation of wave system.s, both in the electric and the 
mechanical case. We shall take the ca.sc of a cord or iron core ol 
indefinite length, oscillated at one point, la tlu* nu'chanieal ease 
we may suppose the cord gripped at one point, and a simple harinoiiie 
oscillation impressed on it by a crank and connecting rod mechanism 
as shown. In the electromagnetic case a concentrated e.xciting coil 
is supposed wound round one point of the core, ami thi.s is excited 
by a simple harmonic electromotive force (.see Fig. 88). 

In Fig. 34 are shown diagrams f)f live phti-ses, illustrating tlu* 
generation of two travelling waves, mirror imagi's of one anotht'r. 



Fig. 33 


by this method of setting up o.scillation.s, whether in the eleetiic 
or mechanical case. 

The upper curve shows flux or displacenu'nt y, the second 
magnetic density B or slope y', and the lower diagram shows the 
distribution of lines of force corrt^sponding to the flux ami <U‘nsity 
above them. 

We see that at the origin or point of oscillati«>n then* is a cusp 
in the ® ciorve, though $ does not change in value, since tdl magnetic 
lines are closed, and an abrupt break in the li curve where H change.s 
abruptly from positive to negative, l-ct us confine ounseh-es to the 
electromagnetic case for the moment. We saw in ('hapter II that 
(1 /jm) (dBjdx) = A, the current density, and, therefon* 

A ^ 1 THB ^ 1 

Ja ~ jja Tx 

was the total current between x — a and v = 6. In genenU, as 
a and h approach one another Sj approaches /#„, and thn.s the total 
current gets less and less. 

Now let us take a and 6 on opposite sides of the discontinuity 
of Fig. 34. As a and b approach one another 1#* - no longer 
approaches zero, but tends to assume a value equal to the total 
length CD of the break. Hence, we conclude that 

Total current at the point of discontinuity « (1/^) CD, or 

The discontinuity in the curve of densities measures the current in 
the exciting coU. 
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In the mechanical case we find — 

'The disconttnuiiy in the curve of slopes measures the force supplied 
by the oscillator. 

As we saw above at points of discontinuity such as we may 
sLipi^ose that one section of the cord terminates and another begins. 
In that case AC is the force necessary to balance the reaction of 




the rope on the right of A, and AD that necessary to balance the 
reaction on the left ot A. In the electric case AC is the current 
necessary to excite the disturbance on the right, and AD that 
necessary to excite it on the left. 

Returning to the curves of Fig. 34, we may note a number of 
interesting points — 

1, Starting with Fig. 34(a) we see the lines of force which 


4 — ( 55 * 0 ) 


50 THEORY AND DESKLY OF ELKCTRK' MAUI I NFS 

form the carve start with a small mirlous surrounding tlu^ exi iling 
coil. 

In Fig. S4{b) the nucleUvS has grown almost to its full i>n>por 
tions, while in Fig. 34(r) the single nucleus liave liitherto 
dealing with begins to become doulde, sonu* of the lim^s of forci* 
on either side forming a closed circuit whicli dot's not t'lu'lose tlu* 
exciting coil. In Fig. 34(£/) this action has procet^ded much furtlua, 
while in Fig. 34('c) our original niicltnis has almost <iivitk‘d into 
two entirel^J' distinct waves, ('oining back to I^'ig. 34 (t/) again, a 
fresh nucleus starts which is now of opposite sign, tlu're luring two 
to each complete period, one positive and oiu' lu'gativt'. 

2. It is instructive to sec that when the (lux interlinking tlu' 
exciting coil is greatest in Fig. 34(c), the primary t'urri'iit (T) is 
least. This current is in quadrature wath the tlux, and, tht^rtdore, 
in phase with the electromotive force. 

3. It is also very instructive to note' liow tlu‘ dirt'ction of the 
lines of force reverses when the Ihix cross<\s tht' zt'ro liiu% so that 
the portion of the flux curve between two crossings of the zero 
line forms an isolated portion or nucleus of the wa\'e. 

Let us now study a case of a wave motion reflt'cdtsi at a point. 
A point of reflection is a point such that the displaeenu'ut whi<‘h is 
represented by a wave is necessarily zero at tlu' point. If wc have 
a travelling wave going towards a xx)int it will 1 h‘ retU'cteil at tlu‘ 
point, and another travelling wave superj^osed t>u it oi sueh magui 
tude that the two are at all instances etiual and o[>positt* at tlu' 
point of reflection. The resultant vibration of tlu' cord is a standing 
wave having its node at the x>oint of reflection, aiul i*xtt‘nding from 
the point of reflection where the displacement or llnx is zt'ro to the 
point of oscillation but not beyond. 

In the case of a vibratory cord, a i>oiut of reflection is fornuMl at 
any point of the cord which is clami)cd so as to In* in<'a]>ablt‘ of 
movement, y being necessarily zero at all tinu‘s. 

In the electromagnetic case, a poii\t of reflection is funned by a 
short-circuited coil surrounding the iron core*, or by a tt'rinimiti<ni 
thereof. 

In Fig. 35 are shown five stages in the genc'ration of a wavt* 
train by an oscillator fitted with a reflector. Iu)r the sake of variety' 
we have shown the generation of a wave with h^garitlmue dt'cn*- 
ment in this case. 

Starting, for instance, with Fig. 35(«) we see the flux at Its 
maximum surrounding the exciting coil. 

In Fig. 35(6) we see that the wave has begun to travel towards 
the right, and some of the lines of force which before surrouiuled the 
exciting coil are now able to close without doing so* In th<^ |x>rtion 
of the core between the reflector and the oscillator, however, the 
density is simply reduced without any change in distribution* 
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In Fig. <f5(c) we see that this action has gone farther, the greater 
part of the lines now closing without surrounding the exciting coil. 

In Fig. 35{d) the whole of the flux is one side of the exciting coil, 
there being none whatever between oscillator and reflector ; while 
in Fig. 35(e) we see how the nucleus of a new wave grows up sur- 
rounding the exciting coil again, and when it has grown to its full 



Fig. 35 


dimensions in Fig. 35(«) again, it commences to move off to the 
right, the line.s of force of which it is composed cutting the exciting 
coil as they do so. 

Another important point to note in the case of a wave with 
decrement is that its maximum, which is the point where the 
density is zero, is now no longer midway between the two points 
at which it crosses the zero line. 

The effect of this is to make the density on the rear side of the 
nuclei of which the wave consists greater than that at the front. 
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and this generates a drag on the ooiuluctors in tht* direc'tion of 
motion of the wave. The powder corresponding to tlu* product of 
this force and the speed of the wave is ston'd up us inugiudic eiu^rgy 
in the wave and supplied by the decroasis of tlu% tlux us it proceetls. 

We have hitherto considered wave trains procei'dinf; from an 
oscillator whose oscillations were of constant amplitude, or in the 




Fig. 36 


electric case we have considered cases when^ a ooustant Ilux or 
electromotive force was applied to the oscillator, uml from this 
assumption we have determined the force (or cuxTent). 

We shall now consider the case where tlut force (or cuirent) is 



Fig. 37 

regarded as fixed, and endeavour to determine the amplitiuU' (or 
flux in the electric case) . 

Let us first take the case of an oscillator at A and a reflector at 
B a quarter wavelength away from A, and compare it with the case 
in which no reflector exists. The effect of the reflector as we saw 
above was to reduce the wave train between A and B to a stationary 
wave having its node at J3. If we draw curves showing the flux 
density, we note that the flux density at A due to the standing wave 
is always zero (see Fig, 36) . If now we draw corresponding curves 
for the case where there is no reflector, we see that the density at 
A due to the wave train on the left is no longer zero^ but equal and 
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opposite to that due to the wave train on the right (see Fig. 37). 
Now on the hypothesis of constant current the distance ah, in the 
two figures, must be equal, and, hence, the amplitude of the right- 
hand wave train must be twice as great where there is a reflector 
as where there is none. 

Thus a given force applied to the oscillator (or current flowing 
in the primary coil) gives rise to a wave of displacement (flux) having 
twice the amplitude in the case of a reflected wave of that obtained 
when we have two wave trains, mirror images of one another. In 
other words, it takes twice as much power to generate two wave 
trains as it does to generate one of the same amplitude. 

In the case just considered we may regard the oscillator as 
generating two wave trains in the normal manner, the left-hand 
one of which is reflected at B and, returning on its path, passes the 
original oscillator and becomes superposed on the right-hand train, 
thereby doubling its amplitude. We have here a case in which the 
occurrences on the right-hand side of the oscillator A are affected 
by what occurs in other portions of the cord. In other words, 
the different sections into which the system is divided by the 
oscillator and reflector are no longer independent of one another. 

In fact, the above instance is only a particular case of an impor- 
tant general theorem. 

If we knoxv the displacement {flux or E.M,F.) at two points of our 
system^ the disturbance between those points is entirely independent 
of what goes on beyond them. If, on the other hand, we assume the 
forces or currents to be known, the various oscillators in the system are 
quite independent, their effects being merely superposed. 

It is this theorem that permits us to build up the flux distribu- 
tion in a slotted stator from a knowledge of that due to one drum- 
wound coil. 



CHAPTER VIII 

THE GENERAL EQUATIONS OF THE ELECTUOSTATU* MA<^inNK 

In order that our investigations may havt* th(‘ i‘<*<iuisiti' of 

generality, and their results may be worthy to be a geiu^x'al 

treatise on “ Electric Mechanism/' it is absolutely lUHH'ssary that 
we should consider the theory of the (electrostatic' macliiiue, the* 
more especially as, with the excci^tion of a very meagre discussion 
in Maxwell, I cannot find that these machiiu's have* (‘vt'r nnadved 
theoretical treatment at all. 

Before doing so, however, it is first of all (\sseutial that wc* form 
clear ideas on the nature of electrostatic induction. Wc' have* in 
the electrostatic machine two plates carrying c'onductors revolving 
in close proximity to one another with only a short air-gup inter- 
vening, so it may be thought that electrostatic induction was to h<‘ 

Fig. 38 Fig. 39 

explained by the cutting of the electrostatic liiu's by th(‘ n^volving 
conductors. This opinion is entirely erroneous, and our iirst task will 
be to explain as far as necessary the nature of elec-trostatic induc-tion. 

The fundamental conception with which v/e hav(^ to ckrd in tlu' 
present chapter is no longer the magnetic lino of force, but tin* 
electrostatic tube of induction. 

We conceive a tube of induction (Fig. 28) as always ttr-minating 
on two oppositely charged conductors, whiU' at tlu' oiu* tmd a unit 
charge of positive electricity exists, and at tlu* otluT (rid a unit 
charge of negative electricity. The number of tub(*s impinging on 
any conductor, therefore, is a measure of the oharg(* on it. Th<' 
direction of the tube at any point is the direction of the potential 
gradient at the point, i.e. it is the direction in which the (lifference 
of potentials between two points, near the given point and a given 
distance apart, is greatest. Thus, by plotting out the distribution 
of the electrostatic tubes of force, we may determine the jxitential 
distribution throughout the field. 

Another method of defining the direction of the tubes of force 
is by sa 5 dng that they are everywhere perpendicular to the equi- 
potential surfaces. These equi-potential surfaces are surface.s 
drawn in space, such that at every point of them the potential is 
the same. Thus, for instance, in the case of an electrified sphere 
all concentric spheres surrounding it are eqxxi-potential surfaces, 
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Both electrostatic tubes of induction and equi-potential surfaces 
are fully discussed in the regular treatises on electrostatics, and so 
need not be more fully described here. 

Imagine two condenser plates A and D, say, 10 cm. apart (Fig. 40), 
having a density of Z) = 100 tubes per sq. cm. throughout their 
area. Let them both be insulated and maintained at a constant 
difference of potential. Let there be a third plate C capable of recip- 
rocating between them touching 
the plate D by means of the knob 
D, and being connected to earth by 
means of the knob E. We shall 
suppose that when C touches D it 
becomes completely discharged. 

First suppose it connected to 
earth by £*. It will now receive a 
charge DA equal to that of the plate 
A. Now suppose it to be moved 
towards the plate D carrying its 
charge with it, mechanical work 
being done by stretching the tubes 
of force, proportional to the distance 
L between the plates. When C 
touches D it is supposed to be com- 
pletely discharged, and all the 
tubes of force which previously 
ended on it now end on D, If the 
positive ends of any number of 
tubes of force rest on it an equal 
number of negative ends must Pig, 40 

also rest on it, since it is now 

uncharged. Thus, the tubes of force may be supposed to pass 
completely through it, as shown in Fig. 40. The movable plate now 
moves back till it touches E again and is put to earth, whereupon 
those tubes of force which extended from its right-hand side to D 
move off to the walls of the room, say, and only those between A 
and C remain. The moving plate C is now charged again as it was 
initially, and we have completed the first cycle of operations. Now 
the work done in a cycle = DA x L, in suitable units, and if there 
are N cycles per second we have — 

Work done per second == DLAN. 

This formula reminds us irresistibly of the common steam-engine 
formula, 

PLAN _ p where P ^ cylinder pressure 
33.000 — • A = length stroke 

A — area of piston 
N — strokes per minute 




56 


THEORY AND DESIGN OF ELECTRIC MACHINES 


We must note that our electrostatic formula was deduced on the 
assumption that the potential differuiice Ixstween A and I) was 
maintained constant, while the steam-engine formula depends on 
the cylinder pressure remaining constant. 

From a more purely electrical point of view, we maj- interpret 
the formula DEAN as representing the current flowing away from 
the plate A. For DA is the charge on the rwiprocating plate which 
is supposed to be communicated to D in each cycle, while N is the 
number of cycles per second, L being the distance ino\'cd through 
per cycle, LN is the distance moved tlnrough jier secoinl : therefore, 



Fig. 41 


DLAN is proportional to the charge per .second or ('urrent. It is 
dear that if the potential of D is to remain constant this curn>nt 
must be permitted to flow away by som<* means. 

Without pursuing the analogy with tlu! steam-engine any farther, 
we may note that electrostatic induction is due to the xiretchin ’n 
and not the cutting of the tubes of forcis, aiul retjuires motion 
klong and not at right angles to them. This is the fundamental 
[difference between electrostatic and electromagnetic induction. 
iMoreover, in the electrostatic field we have 

Rate of stretching = Induci^d current 

the potential of the conductor depending on surnnuiding circuni- 
stances, while in the magnetic case we have 

Rate of cutting = Induced E.M.l-'. 

the current depending on surrounding circumstances. 

As an example of electrostatic induction of current, take tin; case 
in which a charged body C carrying, say, 2 units of chargit moves 
with a speed of 10 cm. per second. Then the two tubes that join C 
to some fixed body A (Fig. 41) are stretched at the rate of 10 cm tht 
second, and the moving charge constitutes a current who.se maimi- 
tude = charge x velocity = 2 units X 10 cm. per .second and 
hen<^, the above equation is justified. It is, of course, a special 
version of Maxwell s equation of electric displacement adapted to 
the case we wish to consider. According to the electron theory 
^1 conductor emrents are of the nature of moving charges, and 
hence, this equation i.s very general. ' 

Now the local current flowing between two sectors or carriers 

^1*^® difference between the currents /, 
and /a flowii^ into each. If we had «= for instance, the same 
cunrent would flow into both carriers and the local current. whi<Sis 
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the current that flows into one and out of the other, would be 
zero. 

In the limit we have 

Current between two adjacent sectors = dj. 

Now since and Cg are insulated and do not move any current 
which flows in at and out at must be due to variation of the 
charge of Cj and Cg considered as a condenser. 

Now the charge of Cj and Cg is the mimber, D, of tubes of induc- 
tion, opposite ends of which terminate on both Cj and Cg, and we 
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have just seen that the current is due to the rate of change of this 
dD 

quantity or Hence, we have 


, y dT> , 


The d% is used in the above equation because, for infinitesimal 
intervals, the difference between and /g proportional to 

the distance dx. Hence, finally, we have 


dj _ dD 
dx ~df 


n) 


for all cases where there is no motion, and the plate is a perfect 
insulator. 

The general form which the electrostatic machine assumes in 
practice is that of a revolving plate of insulating or partially con- 
ducting material, usually bearing a number of carriers of metal 
on which the charges are induced. On this revolving plate bear 
certain brushes for the purpose of equalizing the potentials of 
different parts of the plate, collecting the charge, etc. This revolv- 
ing plate is placed in the neighbourhood of certain charged bodies 
or inductors, whereby the charge is induced in it. 

We shall consider first a carrier plate fitted with a number of 
carriers C, C, C, and with brushes &, 6, 6, resting on each carrier. 
In practice only a few brushes will be used, but, as at present we 
are aiming at complete generality, we must not distinguish some 
carriers as being connected to brushes and others not, but must 
suppose that all are fitted mth brushes. Chapter X describes similar 
electromagnetic machines. 
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Suppose each carrier to bo of unit area, ami lot J ' ho tho K'onduotor 
current flowing into any carrier. If, howovor, tho plate is in motion, 
a current will flow between adjacent bnishos, duo to tho actual 
mechanical transportation or convection of charge. If p bt* tho 
charge per .sq. cm. and v the .sjK'otl, thi.s currt'nt will lx* e<jual to 
7 J/J. Adding this term to the etjuation wo had bofort*. wo got 


d.\ 


dD 

'df 


vp 


( 2 ) 


If also we suppose the carrier plate to have a certain liniti' resistance 
r. we must add a further term, gidting 


dj dD , , E 

dx ~ dt ' r 




where H is the P.D. between adjacent I)rnsh(‘s. 'fhis last term is 
important in explaining the. action of that typt^ of mat'liine which 
is not provided with carriers. 

We have now to investigate the relation IxdwtH^n I> and p. D 
is the resultant number of tubes of induct ion t‘xtt‘n<ling in the posi^ 
tive direction from one carrier to the n(‘xt, W'hik^ p is tht‘ chargi^ on 
the carrier. 

If in Fig. 42 the number of tubes (‘xtending b<‘tw<x*n r, and 
and between Cg and Cj were equal, tluTC' wotild \>v, no <'harg<' on 
Co. Hence we see that 

Charge on Cg = p == D, -• in tlie limit, 

dl) 

lx ~ P ' ' ' ■ • • 


This we shall call the equation of ('barging 

Everything we have hitherto saitl has bc*on applicublo to the 
ca.se of a single plate only. We shall now suppose' that our ri'volving 
plate is surroxmdcd by two lixe.<l plates, one on either sitle, all 
fixed carriers which lie opposite oik' anotluT being connected 
together as shown clotted (Fig. 43). D is now' the mnnber of tubes 
crossing any cross-.section A A of the machine in the positive* <lire<' 
tion. Hence, tubes which mei-ely pa.ss from a stator canit'r to the 
rotor carrier opposite to it do not coitnt. 

dJD 

We still have the equation = p, but it i.s now clenir that the 

tubes of induction need no longer pas.s solely from one carrier on 
the rotor to another. They may now pass from a stator carrier 
to a rotor carrier, and this fact enables the machine, to stretch the 
electrostatic lines and to do or absorb electrical work. Equations 
(1) and (2) still hold good, and may now be said to apply to the 
stator and rotor respectively. 
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Collecting up our results, therefore, we obtain the following 
equations — 


dD _ 




dH 

= 


doo 

p 



dx 



dD 

-i- 

h. 

dE^ _ 



dx 

dt 


r 

dx 

dt 



dD 
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dp ^ 

dp 

dx 

dt 

vp + — 

dx 


'"dx 


which bear a most striking analogy to the equations of the electro- 
magnetic machine which are shown in parallel columns. The term 
E 

y in the electrostatic equations has no analogy in the magnetic 
case, since there is no such thing as " magnetic conduction," hence. 


A B 


J 1 XZ — 1 

1 / 



A n 

Fig. 43 




s 
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the class of machines in which it is important, viz. the " scctorless 
Holtz and Wimshiirst machines," have no analogue in the magnetic 
case. They constltut<.^ a solution of the problem ol direct current 
machines without commutators which, un fortunately, gives a 
voltage as much too high for practical purposes as that given by 
the homopolar machine is too low. Since electrostatic induction 
takes place in the direction of motion, and not at right angles 
thereto, it follows that electrostatic homopolar machines are also 
impossible. Making these two exceptions, however, we may enunci- 
ate the following fundamentally important proposition — 

" To every multipolar electromagnetic machine there corresponds 
an electrostatic machine, and to every electrostatic machine with 
non-conducting dielectric corresponds an electromagnetic machine." 
Thus we may design electrostatic synchronous motors and genera- 
torSj induction motors and generators, repulsion motors, and other 
A.C. commutating machines, and, in fact, a treatise on " Electro- 
static Mechanism " might be written by merely applying the analogy 
which we have developed in the present chapter consistently to 
all the apparatus described in this book. Though the applications 
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of this type of machine are not at present snlhciently numerous t<^ 
justify the time spent in so complete a development, an<l the writer 
has, therefore, not attempted it, yet it is to be hope<l that it may 
soon be carried out, as it is relatively easy. an<l such an advance 
in theoretical knowledge could not fail to stimulate practical 
application. 



PART II 

CHAPTER IX 

THE CLASSIFICATION OF THE DYNAMO-ELECTRIC MACHINE 

In the following chapters an attempt is made to arrive at a natural 
classification of the electromagnetic machine. One of the principal 
uses of such a classification is to bring out the common points of 
different types which are usually regarded as totally distinct, 
even though they are almost identical from the constructional 
standpoint, and to reduce their differences to proper relative 
proportions. We may preface the detail matter by a few general 
remarks. 

1. No discussion will be attempted of homopolar machines, 
which form a class entirely apart from all others. 

2. While almost all the machines described may be used as 
generator or motor, they will, in practice, be used only as motors, 
since the requirements of a generator are so uniform that there is 
no scope for a large variety of types, while the infinite variety of 
industrial work gives rise to a corresponding variety of types of 
motors. In generators the tendency is to uniformity, and in motors 
to variety, and, hence, our subject might almost as well be called 
“ The Classification of Electric Motors,” 

y. For a similar reason, viz. the powerful tendency towards 
standardization, and the necessity lor one system of distribution 
catering to a vast variety of applications, together with the urgent 
necessity of economy due to the great length of transmis.sion lines, 
we may dismiss from our minds the likelihood of new and more 
complicated systems of transmission arising, although several such 
are imaginable, and confine our attention to machines operating 
from standard direct-current, single, or polyphase systems. 

4. Of the two distinct constructional forms in use, viz. the type 
having uniformly slotted stator and rotor and a constant air-gap 
all round, and the salient pole type, we shall consider the former as 
universal and ordinary, and the latter as a special case applicable 
to certain types only. 

5. Throughout this chapter, unless a statement to the contrary 
is made, we shall treat our machines as “ ideal,” i.e. entirely devoid 
of all losses and leakages. 

6. Theories come and go, while the machines we wish to classify 
remain the same. Our methods of classification should be of a 
fundamental nature, and should not owe their validity to the 
acceptance of a particular theory, nor should they be unintelligible 
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to those who have not gone through a i>articular rtairse of study. 
They should be based either on constructional h^aturcs, wlu^ri^ tlu^sc 
can be proved to have a general signiilcanco and not to be acci- 
dental, or on mechanical considerations in coinu^ction with tor<j[iu\ 
power, and energy. These considerations apply to noxneiudatun* 
also, and should render us very conservative in invtading lu^w names 
for old apparatus. 

A well-understood name, even though basted on an obsoletii 
theory, is usually better than a new name based on a theory which 
may become obsolete in its turn. 

Having cleared the ground by the above consitleratimis, we may 
proceed to our main subject. 

We shall regard the induction machine or “ general alternating- 
current transformer,'* as Steinmetz calls it, as fundamental, and 
shall proceed to derive all other types from it. 

Our general dynamo-electric machine, tlK‘n, eonsists of two 
concentric magnetic elements, separated by an air-gap, and (*apable 
of relative rotation. Each of these oleiiu^nts Invars a mimbt‘r td' 
conductors disposed next the air-gap in slots j)arall(d to tiu* shaft. 
The conductors of one or both elements ai'c intt.Tconm‘Ctt‘d usually in 
such a way as to give rise to a delinito number of ])t)les, ('omluctors 
being led off from the stationary element direct to tlu^ line, sav<* in 
a few cases where it is short-circuited. 

The rotor may be of three distinct types : («) short -('ircuiti*d, 
(6) fitted with collector I’ings, (c) fitted with commutator. Itvt^rv 
type of dynamo-electric machine whatsoever, with the ext'<‘ptiou 
mentioned above, may be built in a form covered by the* above 
description, and the differences botwt^on diffei’ent typtss consist 
merely of differences in the method of connection to tin* liiu* and of 
connection between rotor and stator. 

We have next to classify these types of connection and show why 
they are required. In order to do this we must first consider our 
electric system as a machine. From the mechanical point of view, 
then, the generator is a gearing which transmits the motion of the 
prime mover to the polyphase line, changing tht^ i>ower givt^u out 
by the prime mover from the mechanical form to that of a rotar>^ 
system of electrical stresses revolving at a dedinito speed, say, ol 
25, 50, or 60 cycles (or revolutions) per second. The iiolypliast^ line 
we may compare to a mechanical line shaft transmitting the powt^r 
to a distance and the motor to another gearing, retransfonning 
the power into a mechanical torque operating at a certain si>eed. 

What will this speed be ? To determine this, consider the follow- 
ing relation which it is well known exists between the speed and 
primary and secondary frequencies of the induction machine. 
Speed (rev. per sec.) X number of pole pairs = difference between 
primary and secondary frequencies (cycles per sec.), or mechanical 
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speed of rotor equals speed of wave relative to stator, minus speed 
of wave relative to rotor. 

or 5 = T^(A-A) ( 1 ) 

where W is twice the polar pitch (cm.). 

S = peripheral speed of rotor (cm. per sec.). 

/i = primary frequency. 
y* 2 j = secondary f requeue 

These equations show that we cannot tell the mechanical speed 
of the rotor unless we know the rotor as well as the stator fre- 
quency. Multiplying both sides of this equation by the torque T, 
we get T multiplied by mechanical speed equals T multiplied by 
speed of wave relative to stator minus 2" multiplied by speed of 
wave relative to rotor, or, mechanical output equals primary 
electrical input minus secondary electrical output . . (2) 

This equation shows that besides the mechanical power and the 
electrical input into the primary, there is a certain amount of 
power generated in the secondary proportional to the secondary 
frequency. The above simple considerations bring us to our first 
principle of classification. It has been emphasized above that the 
motor is a device for changing electrical power incoming from the 
line into mechanical power, and, hence, the existence of this secon- 
dary power raises a serious problem — what to do with it. We 
shall classify our machines first according to means adopted for 
disposing of the secondary power. A substantially identical prin- 
ciple for adjustable speed motors may be deduced from the equation 
(1) above. 

This equation shows that the speed can only vary 

1. If the primary frequency varies, 

2. If the secondary frequency varies, 

3. If the number of poles varies, 

and we may classify adjustable speed motors according to which 
of these means is adopted to vary the speed. 

Before proceeding further we shall develop a mechanical analogy 
between our induction machines and certain types of epicyclic or 
differential gears which is capable of being carried into considerable 
detail, and throws a great deal of light on the real nature of many 
arrangements of machines. This analogy enables us to abstract 
entirely from the electrical features of the problem, and consider 
power and torque alone. We shall show also, that if we compare 
the relative speed of the two elements of our machine to the speed 
in revolutions per second of one shaft of a differential gear, and the 
frequencies in the two members to the speed of the other two shafts, 
the above relation between speed and frequencies corresponds to 
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that between the speeds of the three imlejH'ndt'nt shafts of the 
differential gear. Such a gear is shown in h'ig. 45. 

If the shafts A, B, and C' go at speed.s of A rev. jht sec., B rev. 
per sec., and C' rev. per sec., respectively, it is well known that 
C' will be the mean of A and B, or C' - ^(A 1 B). 

If, therefore, we gear another shaft C to the shaft C', so that 
the speed of C is twice that of C', or C' = ^C, we shall ha\'u 

C = A A- B 
B = C - A 
A - B 

Or, in order to introduce a constant corresj)onding tt> the “ mun- 
ber of pole pairs " in the electric machine, we may sui)po.se li or 

A geared to another shaft by g<‘aringof 
any desired velocitj' ratio. 

The point of i>articular interest to 
Q us about this gear is the fact that the 
equation regulating the .siH‘e<Is contains 
three potentially indtipendent variables, 
so that it is nece.ssary to know two of 
them before we can determine the 
third. For instance, if we know A we 
Fig 45 cannot find B unle.s.s we also know' (■'. 

In the electric cast^, if we know the 
primary frequency of an induction motor, for instance, we cannot 
tell the speed until we know the secondary frequency also. It will 
be useful to develop the analogy between a tUmTential gear and an 
induction motor somewhat further. Let us put 

Primary frequency = A = speed of driver shaft of dilfert'ntial. 
Mechanical speed = B = speed of driven shaft of differential. 

Secondary frequency = C = speed of intermetliate shaft of diffta- 
ential. 

We then have B = C — ,4 in both cases, if we su{>p(>sc our iiultic- 
tion motor has two poles. 

So long as C, the intermediate speed or secondary frociuency, 
remains unsettled, we cannot tell what B will be. 

We may make a number of suppositions relating to this which 
are tabulated below — 



Electric Case 


Secondary open-^circuited. 

Machine can deliver no torque, 
but can run at any speed without 
opposition, if driven. 


Mechanical Case 


Shaft C free, 

B can deliver no torque, but 
can run at any speed without 
opposition, if driven. 
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Electric Case 


Mechanical Case 


Secondary short-circuited 
through zero resistance. 

Machine can run at same speed 
as A, and deliver same amount 
of power as flows into primary. 


C fixed, 

B runs at the same speed as 
A, and delivers same amount of 
power taken in at yl. 


Secondary , neither open nor 
short-circuited but closed through a 
fixed resistance R, there being no 
secondary leakage. 


Torque is proportional to i, the 
secondary current which is equal 
to the secondary divi- 

ded by the resistance. 

Secondary E.M.F. and, there- 
fore, current is proportional to 
secondary frequency, or, say. 
To = KC as in the mechanical 
case. 

Thus we get 


exactly the same torque speed 
characteristic as in the mechan- 
ical case. 


C, neither fixed nor free, but 
its power output consumed by a 
brake giving a torque proportional 
to the speed at which it is driven, 
and cons^tming power, therefore, 
proportional to the square of the 
speed. 

The torque of each of the 
three shafts must be equal, for 
multiply the equation B C — A 
by the torque To required by 
the load, and we get 

ToB -= ToC - ToA 

This equation can only be 
consistent with the conservation 
of energy, if To is also the torque 
of the other two shafts. 

In this case 

ToB == output of driven shaft. 

TqC — output of intermediate 
shaft. 

ToA = input of driver and the 
equation becomes true. 

If we now put 

Torque of intermediate shaft 
= To — KC in accordance with 
the above assumption, we clearly 
determine the speeds of all three 
shafts, for we now have 

This is the torque speed 
laracteristic of our gear. 


5 - (5510) 
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According to this aneilogy, theivfon*, wc may ('i)niparo any Avc- 
trie machine having a simple harmonic \va\'c of iliix to a 
gear, the primary input corresponding to tlie input of the driver 
shaft, the mechanical output corrcsj>onding to the t>utput of the 
driven shaft, and the secondary output corrt^sjxmding to the out- 
put of the intermediate shaft. 

Hence, a set consisting of motor and geiu‘rator may be compared 
to two such differential gears coupled together. 

Now it is well known that no combination of gearing, howt^ver 
arranged, can give us a smooth and gradual s]>et‘d change, the 
uttermost possible being a number of steps. Vt‘t certain <‘l<*ctric 








machines do give this gradual speed change, since they tanbod}' 
a device which we have not yet discussed, viz. a commutator. 
The commutator may be regarded as the only practical gra<lually 
adjustable gear in existence (suitable for large powers, at any rat<»). 

Consider a commutator fitted with a polyphase arrangt*nu*nt of 
brushes, as in Fig. 46, If polyphase currents of frecpiencj^ cycles 
per sec. are fed in through the terminals and the commu- 

tator revolves with speed S revs, per sec., the slip rings 
which are supposed to be equal in number to the commutator 
segments, one being joined to each, will deliver i^olyj^hase currcmls 
of frequency /2 ==/i ± S, according to whether the commutator 
revolves with or against the direction of rotation of the inflowing 
current. 

Hence, for the case of a “ two-pole '' arrangemcait of tlu* brushes 
on the commutator, we have 

5 = rh(/,-/2) 

This is particularly obvious if /, — 0. If, however, the brushes 
are connected " four-pole,” for instance, as shown in Fig. 47, so that 
the slip ring which is connected tp a certain segment, say, goes 
through a complete cycle while the commutator turns through 180" 
instead of 360°, the difference between the commutator and slip- 
ring frequencies will be twice as great as before, or 2S =» rb (/, - /,). 
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III general, if be the number of pole pairs for which the commuta- 


tor brushes are joined 


5X 2 = ±(A-/.) 


exactly the same equation as we had for the induction machine. 

P 

For a two~pole machine ~ = 1, and for a four-pole machine 



In the commutator frequency convertor the whole of the power 
flowing into the commutator flows out of the slip rings, notwith- 
standing any change of frequency, whereas in the electric machine, 
the power flowing into the primary divides into two parts, one part 
proportional to S appearing in mechanical form, and the other 
proportional to appearing as electrical power in the secondary. 
From considerations of power, this is the outstanding difference 
between the two cases. 

We may now summarize the results we have already obtained. 

1 . That motor and generator form together with the transmission 
line a mechanism in the ordinary sense of the word, that is, a means 
of modifying motion and force, or in more general language, of 
changing the flow of energy. 

2. That the electrical and mechanical speed torque chai-acter- 
istics of the machine are those of a differential gear, there being a 

P 

definite relation, 5 X y —(/i-A)^ between the stator and rotor 

frequency and the mechanical speed, which is identical with that 
in a differential gear. The relation between the mechanical and 
electrical speeds, 5, /i, and /g, can only be changed by changing 
the number of poles. 

3. The primary function of the commutator is that of a frequency 
changer, which can change frequencies arbitrarily without change 
of voltage or power. 

P 

4. The same equation, S x is also characteristic of 

the commutator, which is a purely electrical differential gear 
inherently incapable of transmitting a torque. 

Hence, the different types of electrical machine and systems of 
electrical transmission may be compared with a number of differen- 
tial gears, with or without means for varying the number of poles, 
which corresponds to the velocity ratio of mechanical gear and with 
or without commutators, which may be regarded as almost the only 
practical form of gradually adjustable gear in existence. Other 
differences which may be noted to exist are as follows — 



68 THEORY AND DESIGN OF ELECTRIC MA('I11NES 

5. S 3 retems otherwise identical differ in iheir iiioIIk k 1 of intjf(uoiiza- 
tion. 

6. Several revolving fields may be superposed in tins same struc- 
ture as in the " internal cascade ” machine, the single-phase or 
elliptic-field machine, or the split-pole convertor. Thus the above 
considerations give us three principles of classifieatiou - 

(а) According to the disposition w'e make of the secondary 
power output or output from the “ intermeditite .shaft ” of the 
differential gear. A parallel princiide l<\'i<ling to approximately' 
the same res\ilt is according to which of the quantities Pti. /j, or /a 
is regarded as variable in adjustable speed machiiuis. 

(б) According to the manner in which we employ tins commutator 
in our system. 

(c) According to the method of magnetization. In ad<lition to 
this, the machines may be cither generators, motors, convertors, 
double-current generators, phase advanct'rs, etc., but tliis n'ally 
introduces no new feature, as most machiiu'S art^ capabUi t>f all 
or most of these functions. If our classification is exhaustive, we 
shall find that when we have assigned oiir machines a place in eacli 
of our classes it is completely defined, and nothing further ri*mains 
to be specified, apart from constructional details. 

We shall avoid circumlocution if wc define the primary as the 
element into which power flows from the line. 

First Principle — ^Methods of Dispo.sing ok tiik; 

Secondary Power 

The secondary power may be made zei'O by nifiking th(' secondary 
frequency zero or as low as practicable. This is done in almost all 
the standard types of machine in wide commercial ust*. ICxamples 
of this are the following — 

1. Ordinary synchronous machines of all kinds whore the .secon- 
dary frequency is made exactly zero. 

2. Induction machines with short-circuited rotor, where the 
secondary frequency is made very low, and the small amount of 
secondary power generated is dissipated as heat. 

3. Direct-current machines where, according to the above defini- 
tion, the armature must be considered as the primary. From our 
present point of view they only differ from synchronous machines, 
in that the alternating currents which flow in the windings arc 
produced from direct current by the commutator instead of being 
supplied by the line. 

4. Repulsion machines (ordinary and inverted) and, in fact, all 
types in which all the windings on one member are short-circuited. 
How the secondary power in elliptic field machines may be reduced 
to zero without confining the machine to symehronous sx>eed will be 
shown below. 



THE DYNAMO-ELECTRIC MACHINE 


69 


Secondary Power may be Entirely Wattless, as in the 
single-phase series machine. 

Secondary Power Used in Another Apparatus (cascade 
systems). 

In this case the power flowing out of the secondary is supplied 
to a second machine, which is either independent or mechanically 
coupled to the first. Examples of this are induction machines 
cascaded with other induction machines, sjmchronous machines, 
or alternating-current commutator machines. 

Secondary Power Transformed to Primary Frequency by 
a Commutator and Returned to the Line. 

Examples of this are certain types of alternating-current commuta- 
tor machines when running at speeds differing from synchronism. 

Second Principle — ^According to the Manner of 
Using the Commutator 

If we confine ourselves as we are doing to a single machine, the 
only two possible methods of using a commutator are — 

1. On the primary, as in the direct-current machine. 

2. On the secondary, as in the alternating-current commutator 
machines mentioned above. If, however, as may readily be done, 
we extend our survey to groups of machines working in conjunction, 
as in cascade sets, for instance, a large variety of further interesting 
methods of application are revealed. A third way of applying it, 
however, is to confine currents to a definite axis in space, as in the 
repulsion motor, etc. This method only applies to elliptic field 
machines. 

Third Principle — Methods of Magnetization 

Two distinct methods of magnetization may be distinguished — 

1. The primary may be the seat of the magnetizing currents, 
which may be led in direct from the line as in the normal induction 
machine and several others. This may be called high-frequency 
magnetization, and involves the appearance of a considerable 
amount of reactive power proportional to the frequency in the line 
circuit. 

2. The secondary may be the seat of the magnetizing currents, 
which may be led in direct from the line through a frequency- 
changing commutator or supplied by an exciter. This latter method 
may be called low-frequency magnetization, and does not give rise 
to reactive power in the line. In order to understand the various 
methods of magnetization better we shall devote further space to 
the matter later on. 
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PRACTICAL CONSIDERATIONS LIMITTNC AC'l UAI. MACIIINI'S 

PROBLEM OF CLASSIFICATION OF ICLECTRU' MACHINI-S 

WITH SOME MECHANICAL ANAT.OC.IE'^ 

Circular or constant intensity field machines. lo luaki* up a com 
plete circular field dynamo-electric inacliine wi* have four element.s : 
the line, the stator, the rotor, and the commutator. I’.y making 
various combinations of these, we obtain dillerent f yjH's of machine 
having different characteristics aiul adapted to dillerent purposes. 

Di fferi'nt t _y pt's o f wi u d - 
ing exist, each capal)le 
of being adapted for 
connection to diri'ct 
current, .single or poly- 
])hast' lines, or to a 
commutator. Kach ot 
these is capable ot 
Ix'ing built lor mam’ 
different poiaiities. 
Hence when we .say. 
“ coniK'ct the liiu* to 
the ]>rimary,” we, 
therefore, assume that 
it is providisl with an 
appropriate wiiuling. 

The general tlyna mu - 
electric machine, as 
mentioiu'd above, con- 
sists of two concentric magnetic elements, separated by an air-gap, 
and capable of relative rotation (see Fig. 48). bhudi of these ('h'lnents 
bears a number of conductors dispo.sed next the air-gap in slots 
parallel to the shaft. The conductors of one or both elements an; 
interconnected in such a way as to give rise to a dclinitt^ number 
of poles, conductors being led off from the stationary (‘lemt'nt 
direct to the line, save in a few cases where it is short-circuited. 

So far nothing has been said about the interconnection of th<‘ 
face conductors. It is seldom realized that the actual tyjies of 
winding employed are in reality adopted in order to adapt the 
machine to take electrical energy in a form which is convenient £oi 
transmission. For transmission purposes high voltages are desir- 
able, and, hence, windings permitting a large number of conductors 
per slot are used, notwithstanding the fact that this means a great 
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reduction in the amount of copper which can be got into a slot of 
a given area. 

Again, the number of transmission lines must be kept down to 
2, 3, or 4 at the outside, and, hence, windings must be adapted to 
use direct-current or single, two- or three-phase alternating current. 
It is in order to adapt the machine to these requirements that the 
face conductors are interconnected in the way we actually find, but 
if all that we wish is to study the combination of generator and 
motor as a machine in the manner referred to above, it is unneces- 
sary to complicate the subject by these considerations. We shall, 
therefore, assume that each bar on the generator is connected to a 
corresponding bar on the motor, either directly or through a com- 
mutator. 

The free ends we shall suppose joined to a common or star point 
by a short-circuiting ring. Four different types of apparatus may 
be built up in this way, which illustrate the different possible 
methods of connecting the dynamo-electric machine. These will be 
described in turn. 

In Fig. 49 is shown the combination of generator and motor, 
which is perhaps the easiest to understand. The conductors on 
one member of both generator and motor are grouped so as to 
produce two distinct magnetic poles, marked N and 5 in the figure. 
The face conductors on the other members are distributed in slots, 
as shown in Fig. 49, and short-circuited together at one end by a 
ring, while each conductor on the generator is connected to a corres- 
ponding conductor on the motor. The motor and generator, there- 
fore, are identical in construction, and connected together in 
symmetrical manner. 

A fundamental principle of any such generator-motor combina- 
tion must be that the sum of the E.M.F.'s in each bar from end-ring 
to end-ring shall be zero {Ej + E^ — 0). This will be brought about 
if opposite the north pole on the generator we have a south pole on 
the motor, and the two travel together in the same direction at the 
same speed. This forms the simplest possible type of synchronous 
generator and motor combination. 

In the lower part of Fig. 49 is shown the distribution of flux and 
ampere conductors in the core, the dotted lines being intended to 
indicate the lines of force, and the two curves showing the generator 
and motor E.M.F.'s. The generator E.M.F. is referred to as E^, 
and the motor E.M.F. is referred to as Eg- They are, of course, 
equal and opposite. They are shown in the diagram as being 
distributed in accordance with a sine curve, and, in order to pro- 
duce this wave-shape the poles used are rounded off in the manner 
shown. There wiU be a slight difference between and Ea suf- 
ficient to drive the current through the resistance of the bar, and 
this difference will be proportion^ to the load and vary with the 
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instantaneous value of and E^ as we go round the cu-cuinfereuce. 
Thus the current will be in phase with these E.M.F.’s, and will 
travel round the machine at the same rate as the poles. Opposite 





the north pole, for instance, the current flows in one direction, and 
opposite the south in the other direction. In the same figure is 
shown a curve of the distribution of rotor ampere conductors, which 
is zero over the space occupied by the material of the pole, and has 
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a constant positive or negative value in the space occupied by the 
coil. 

By fundamental electric laws Eg == where v is the linear 
speed, say, in centimetres per second. By another fundamental 
B X I 

law, F = — Jo — , where F is the force in dynes acting on the con- 
ductor, I the current in it (amperes) and B the magnetic density 
of the field in which it is placed (lines per sq. cm.). 

Another combination. In Fig. 50 is shown another combination 
illustrating a different principle. This is known as the " synchronous 
generator induction motor combination/' In all these combinations 
the generator will be supposed to be of the same synchronous type 
as that in Fig. 49. In Fig. 50 the stationary portion of the motor 
remains as before, while the rotor, which previously was of a polar 
form wound for direct current, is replaced by a rotor consisting of 
a number of bars, distributed round the circumference, as shown 
in Fig. 50, and short-circuited at both ends by two end-rings. 

The magnetic fiux of the motor is now produced in an entirely 
different way from that of Fig. 49. As before, the E.M.F.'s in each 
bar, including the generator and motor portion, must sum to zero, 
and, hence, the motor flux must be exactly equal and opposite to the 
generator flux, and must revolve with it at exactly the same speed. 

In order to understand correctly how the motor fluxes are pro- 
duced in this case, we shall have to study the subject of magnetiza- 
tion from a somewhat broader point of view. 

Wherever we have magnetic fluxes we have a store of energy, 
and wherever we have varying fluxes we have a flow of energy, 
a maximum of energy being stored when the fluxes are greatest, 
and none when they are zero. If we have an alternating flux, the 
energy surges to and fro, according to the variation of the flux. 
A magnetic flux, in fact, produces an E.M.F. in the circuit which 
excites it, which is opposed to the current on rising flux when energy 
is being absorbed, and assists the current on falling flux, when it is 
being given out. The product of this E.M.F. into the magnetizing 
current at any instant is the power input or output at that instant, 
or the rate of flow of energy. 

If alternating fluxes are to be maintained, therefore, means 
must be supplied to store the energy released during falling flux, 
and to supply the energy required during rising flux. 

The two chief forms of storage of magnetic energy are as the 
electrostatic energy of condensers and the kinetic energy of revolving 
(or oscillating) masses. The law which regulates them in general, of 
course, is that the power output of the inductance must be equal to 
the power input of the storage device at every instant, and vice 
versa, or that the storage device shall absorb the energy at the 
instant at which it is liberated by the flux. 
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The apparatus used to store this surging energy of the magnetic 
fluxes consists usually either of a synchronous machine (motor or 
generator) or of some type of alternating-current commutating 
apparatus. 

In order to explain in what manner these apparatus can periodic- 
ally store and give out energy, take first a single-phase synchronous 
generator on a purely induc- 
tive load. 

Three positions of the poles 
relative to the armature are 
shown in Fig, 51, 

It will be seen that during 
rising current the torque is, say, 
negative and the poles are 
being retarded, the machine, 
therefore, giving out energy. At 
maximum current the torque 
IS zero, because the flux from a 
given pole cuts as many con- 
ductors in which the current 
flows one way as it does those 
in which it flows the (^ther. 

With falling current the torque 
IS reversed, i.e. the machine is 
being accelerated and cibsorbs 
energy, which, of course, is 
being given out by the fulling 
flux in the inductance with 
which it is loaded. Other types of syuchrunous machine exist in 
which both members are excited by alternating current ol the same 
or different frequencies. These may also be used to store energy 
in the manner described above. 

In a polyphase inductive load led from a polypliase vsynchronous 
machine, the flux does not actually vary but merely rotates. Never- 
theless, it requires reactive power to keep it in rotation, and this 
is supplied by the synchronous machine. As this machine is not 
called upon to store energy, its rotor is not periodically accelerated 
and retarded while feeding such a polyphase inductance. 

Another method whereby the energy of a magnetic flux may 
be stored is by means of alternating-current commutating 
machinery. 

Consider an alternating flux /S cutting a commutator armature 
carrying a current i. If the flux is such that it induces an E.M.F. 
in the armature leading 90° on the current i the torque will be 
negative, i.e. the armature retarded or delivering energy on rising, 
and positive or accelerated and absorbing energy on falling current. 
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Thus such an arrangement is also capahle of supplying the* power 
needed by an alternating ilux, anti iniuum*rahlt‘ tlifferent arrange' 
ments based on this principle may be designet 1. 

These arrangements will be discussed in later sections tif this 
work, the present chapter being devotetl to gt'ueral principles. 
We have already discussed an elementary case of singlophasc 
magnetization. We shall now discuss the propagation of a wave of 
flux along the gap surface of our electric machine. 

The general law of magnetization, as statt'tl abt)%'e, is that energy 
flows out of an electric circuit threaded by a falling llu.x, and into 

a circuit thrcatU*d by a I’ising one. 

Consider a flux /? r - sin (nix - />/), 
travelling along the axis in our inachiiu* 
accompanied by its inagiu'tizing ctirn'nt 

distrib\i t ion, A cos 

{mx-pi). 

The E.M.F. induced in the conductor.s is 



/i'l =--- as exidaini'il above. 


It is clear that the wa^■es /•', and A arc 
in quadrature with one anotlu'r. 'Iheir 
product is the flow of energy or ixiwor. It is cleai'ly iiegativt! for 
the rear portion of each half wave where energy is llowing out, and 
positive for the forward portion whei'C it is flowing in. 

Another method of arriving at the same result is the following- 


Energy density due to a magnetic density /> 

= TF = ^ >; .sin® {mx pi) 

dW m . 

^ sin 2 {mx—pt) =-- energy How. 


Consider a flux wave /? travelling along the x axis in the nuiehint^ 
shown in Fig. 50, accompanied by its magnetising current distribu- 
tion lo, the E.M.F. induced in the conductors is * • vp as 
explained above. 

The waves or vp and are shown in quadrature with one 
another for a reason which will appear shortly. Their product is 
the flow of energy or power. 

In the diagram the curves and and the magnetizing 
current, are shown. It has already been pointed out that is 
proportional to and in phase with p, the curve of magnetic density, 
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and, therefore, the curve marked Eq in the figure may also repi“esent 
jS to a different scale. 

The density of magnetic energy in the air-gap at any point where 

there is a flux density ^ is equal to — , ^ being the permeance of 

1 sq. cm. of the gap area. The curve of energetic density obtained 
from this figure is already shown in the same figure, and, of course, 
reaches its maximum when is a maximum, and is zero when ^ 
is zero. It is, of course, the same whether jS is positive or negative. 

In the lower curve is shown the rate of change of this energy 
density which gives the inflow and the outflow of the magnetizing 
power. This rate of change is zero wherever the curve of density 
passes through a maximum or minimum point, and is represented 
by a sine curve having half the wavelength of the curve of magnetic 
density. 

This curve shows that power is flowing out of the motor along the 
conductors 1 and 2, 5 and 6, and is flowing into the motor along the 
conductors 3 and 4, 7 and 8, the former conductor being on the 
rear side of the wave, and the latter conductors on the wave front. 

Power is flowing out of the motor when the E.M.F, ifg and the 
magnetizing current I^ are flowing in the same direction. It is 
flowing into the motor when they are flowing in opposite directions, 
the total inflow and outflow of power summed over all the conductors 
being zero. Referring to the upper curve, it will be seen that Iq 
and E^ are flowing in the same direction in conductors 1 and 2, 
5 and 6, and in opposite directions in the remaining conductors. 
Hence, if is in quadrature with Eo, as shown, the conditions 
required by the general principle of magnetization are met. This 
proves that the magnetizing current must be in quadrature with 
both the applied and counter E.M.F. of the machine. 

Process of magnetization. The process of magnetization is the 
following — 

Power flows out of the rear side of the motor flux wave to the 
generator and tends to accelerate it. Meanwhile, power flows out 
of the generator at another point into the front of the motor wave, 
thus propagating it and producing a retardation which cancels the 
above acceleration. This is the mechanism of magnetization, and 
as the generator may be miles away from the motor its unsatisfac- 
tory and uneconomical nature is quite clear. The magnetizing 
currents have to traverse twice the distance between generator and 
motor in order to move forward one wavelength — ^perhaps a foot. 
Since the rotor winding is completely short-circuited, the E.M.F. 's 
in each bar must be either zero, or only such as can be consumed by 
the resistance drop in the bar and end-ring. The only way in which 
this E.M.F. can become zero is if the rotor revolves at the same 
speed as the poles of the generator, that is, the same speed as the 
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motor flux, which, therefore, docs not cut it and produces no Ji.M.F. 
in it. 

If the rotor lags behind the revolving flux by a sinall amount 
known as the “ slip ” S, a small E.M.F. will be induced in it which 

wiU produce a current in phase with it.self. This is shown in 

the lower portion of Fig. 50, in which it will be seen that the rotor 
current is in phase with the curve of flxix density, aiul is a maximum 
at the point of maximum flux density. 

We have already discussed the current which flows into the 
stator on no-load, and serves to produce the magnetic fhix. This 
magnetic flux remains practically the same on full load since, as 
we have seen, E^ can only balance E^ in virtue of the existence 
in the motor of a flux equal to that in the generator, which latter, 
of course, does not vary. Hence, to preveiit the I'otor currents 
exerting any magnetic action, a further scT of currents will How 
in the stator winding equal and opposite to those in the rott>r wiiul- 
ing. These are known as the stator load currents. Ctunpounding 
with the stator magnetizing current we see that the rcsidtant stator 
cuirent is nearly in opposition to the total rotor cmn'ut, but lags 
somewhat from that position, due to the influence of the magnetiz- 
ing current. This is shown at the bottom of Fig. 50. It i.s impf>ssible 
in this type of machine to cause the load current and magmdizing 
exurent to flow in different circuits, but this may bo ilonc in machines 
such as will be described later. 

A description of the nature and function of the commutator has 
been given above. 

In Fig. 53 a third combination is shown, in which llm Ilux of 
both motor and generator is produced by a diflinite polar winding, 
as in Fig. 49. It is most convenient to suppose in this case that thcs«“ 
poles are stationary, and that the distributed fact! conductors are 
in rotation. Each of these conductors nmst ikav be supixised con- 
nected to a bar of a commutator, both on the motor and gent'rutor, 
which are identical as m Fig. 49, and if each geiurrator l>ar is still 
to be placed in series with a corresponding motor bar, we must 
suppose a separate brush rests on every segmeiit of both generator 
and motor, each generator brush being connected to a coiTesponding 
motor brush. Here the magnetization of the motor, as ju.st men- 
tioned, is supplied independently. 

It is still, of course, necessary that we should have E, equal to 
Ex, but now it is possible for this to be brought about in a different 
manner. In the cases of both the synclironous and the induction 
machines, this condition rendered it necessary for the two fluxes 
to be exactly equal and opposite. Here, however, since the bar 
which is connected to a given brush always lies in a particular 
part of the field whose density is constant, the potenti^ of that 
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brush will no longei be alternating but constant. I'hus, if the 
.fields are no longer eqxTal, the motor field being, say, weaker than 
the generator field, so that the equation takes the form 

of X ~ ^^2 X heing the speed of the generator and 

that of the motor, while is the generator density, and B 2 the 
motor density. 

As before, there will be a slight difference between and E 2 


1 Z 3 ^ 5 e 7 s 




Fig. 53 


necessary to drive the current against the resistance of the circuit. 
Since we still suppose the distribution of the magnetic density to 
be in accordance with a sine wave, the currents in the different 
line wires joining the brushes will now be different, being also distri- 
buted in a sine wave, thus they will be greater in bars 2 and 3 than 
in bars 1 and 4, and the currents in bars 6, 6, 7, and 8 will be reversed 
in respect to those in bars 1, 2, 3, and 4. 

In actual direct-current machines, types of winding are adopted 
which dispense with the necessity of one brush for each bar, and 
require a number of brushes equal to the number of poles only. 
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But, for our present ptirpose, these types of wiiiditig n<-e<l tn>t 
detain us. 

In Fig. 54 a fourth method of interconnecting the luce conduc- 
tors is shown. In this there are two distinct stator windings, one 




Fig. 54 


for carrying the load current, as discussed in connection with Fig. SO. 
The rotor, however, is no longer short-circuited as in Fig. 50, bxit 
is constructed with a commutator in the manner shown in Fig. 54. 
The free end of the stator winding is not short-circuited by means 
of an end-ring as in Fig. SO, but connected to the brushes on the 
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commutator of the rotor, the connection being as shown in Fig. 55. 
Hence, any current flowing tiurough the stator bar from L — R, say, 
is conducted into the rotor and flows back agaitr from R — L along 
the rotor bar to the star point. Thus the magnetic effect of the 
stator bar is exactly cancelled by that of the rotor bar, since they 
carry exactly equal and oppositely flowing currents. 

Comparing this with Fig. 50, we see that the equal and opposite 
stator and rotor load currents which arc found to exist in the induc- 
tion motor are here brought about in a different way by conductive 
rather than inductive means, but so far no provision whatever has 
been made to produce the magnetic flux necessary to induce a 
C.E.M.F. to balance the generator E.M.F. 

This is prodticed by a separate winding, shown dotted, whose 
bars are connected in parallel with the line bars. These bars are 
short-circuited by means of an end-ring as before, and, therefore. 


Lfne^ 




It 


£nd 




Fig. 55 


there are no corresponding currents in the rotor to neutralize their 
effect, and, consequently, they supply the magnetizing current ol 
the machine. If the rotor of this machine runs at synchronous 
speed, as in the case of Fig. 50, the E.M.F. in the rotor bar will be 
zero, as before, and the current and the voltage distribution will 
be absolutely identical with that in the induction motor. But 
owing to the presence of the commutator it is possible by running 
above or below synchronism to add to the voltage in each bar of 
the stator, a voltage in the rotor bar in series with it, which will 
be either in phase or opposite in phase according to whether we 
run above or below synchronism. 

The currents and voltages in this machine are shown in the 
figure below, the voltages being indicated by dotted lines. At zero 
speed the voltages in the rotor bars will be equal and opposite to 
those in the stator bars, since they are connected in opposite direc- 
tions, and hence, any rotor bar together with any stator bar with 
which it is in series will be, as a whole, non-inductive. As the 
machine speeds up, in the same direction as the field, the voltage in 
the rotor bar is reduced. At half synchronous speed the voltage 
will be reduced to half, as shown in the curve. At of synchronous 
speed, it will be reduced to while at exact synchronism it 
vanishes. At 1*5 synchronous speed it will be equal and opposite 
to its value at half synchronous. 


6— (5510) 
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At synchronous speed, therefore, the voltage induced by the Ilux 
in the stator bar is no longer balanced by an\^ such voltagt' in the 
rotor bar. 

For the same reason, as in the case of the direct -current machine, 
the equation no longer involves eciuality of Ilux in the 

motor and generator, the equation E^ =- E^ being now roplace<i as 
before by X == “ ^^3) ^2 where is the speed of the Hux 

wave relative to the rotor. At standstill, = 0 , and, if lh(‘ 

motor is running at k times synclironous 
speed, ^3 = (1 - Substituting this in the 

above equation we get Oi 

course, t;2 being the speecl of tlu‘ Ilux wavt^ 
which is determined by the freqiu‘ncy of 
supply it is invariable, and hence, if />\> is 
weakened, a rise in the speed of the machine 
is necessary, as in the direct-current case 
previously considered, in ordt^r that the 
equation may remain true. In fact, tlu* 
direct-current machine is simjdy the limiting 
case of the type of machine now under dis- 
cussion when V2 =0. 

It will be of interest now to study the 
amount of power appearing at the commutatoi 
of this machine. Since the rotor is directly 
in series with the stator, the currents in the 
two must necesscirily be eqiud. Hence the 
ratio of the amounts of power appearing in 
the two members will simply be the ratio ol the hhM.h'.'s in thest^ 
members. At synchronism the rotor voltage is zero, and Iu»nce, 
the power appearing at the commutator will also be zero. 

At half synchronism the rotor voltage is half the stator voltage, 
and, therefore, the rotor power half the stator power. Since the 
current flows in opposition to the E.M.F, in the stator, and in the 
same direction as the E.M.F. in the rotor, the stator power is 
opposite in sign to the rotor power. Below synchronism, therefore, 
power is flowing out of the rotor ; above synchronism the E.M.F. \s 
in stator and rotor coincide in direction relative to the current 
(both being in opposition to it), and hence there is an inflow of 
power into the rotor. 

In general, whenever the secondary member (that is, the member 
which is not connected directly to the line) differs from synchronous 
speed, it is necessary to provide for an inflow or outflow of elec- 
trical power from it. In the majority of types, for instance, the 
synchronous, the induction, or direct-current machines, we do not 
depart from synchronous speed. But in other cases, such as the 
present, the disposal of this secondary power forms a serious 
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problem. In this case, ]>eIow synchroiiisin, the secondary power 
cancels a portion of the power represented by the product of 
stator E.M.h". and current, and is thus returned to the line through 
the agency of the ccjinniutator. In other cases, other means of 
disposing of this secondary 


power will be discussexl. 

In all the types of machine 
so far discussed the flux is 
of constant intensity and 
revolves at a uniform speed, 
but not all machines have 
this type of flux. 'Hie honxo- 
polar machine, of course, has 
a flux density which is con- 
stant allround the j^eriphery, 
and is not made up of a 
number of successive north 
and south poles. This 
machine excepted, all known 
types of field can be anal^^sed 
into a multiplicity' ol such 
constant intensity fluxes 
revolving at uniform speeds, 
either relative to each other 
dr to one or both of the 
members. 

For instance, one large 
class of machines are the 



elliptic flux machines, where 
the resultant flux may be 
considered to consist of two 
opposite rotating fluxes of 
the type described above, 
each having the same num- 
ber of poles. A machine of 
this type is shown in Fig. 57, 
which is similar to Fig. 50, 
save for the nature of the 
impressed wave of E.M.F. 

This is no longer a revolving 
polyphase E.M.F,, in which each conductor in turn has the same 
E.M.F. induced in it, but consists of a standing wave in which 
certain conductors have a maximum E.M.F. induced and others a 



minimum, or none at all in the single-phase case. 

Clearly, in Fig. 57, a north pole of one set crosses a south pole 
of the other at a point such as A, and here, since they are moving 
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in. opposite directions, the E.M.F. induced in tiio bar will be a 
maximum. A quarter of a wavelength away fi-oni this, for instance, 
at BB, the north pole of the two sets will cross one aut)thc‘r, and the 
E.M.F. induced in the bar will be zero. Thus, the E.M.F. impressed 
on the motor will be a standing wave, as shown at tlie bottom of 
the figure. This case should be very carefully distinguished from 
the case shown in Fig. 56, m which a single set revolving poles 
is assumed to cut a winding wound as a single-i>hase concenti-ic 




Fig. 58 


coil. Here, owing to the method of connection, a .standing wave of 
current only is impressed on the motor, that is to say, the current 
distribution in the motor will be the same lus that in the generator. 

Clearly, the E.M.F. impressed on the motor, duo to the nwolving 
field cutting the single phase generator winding, can be balaueecl 
by a flux in the motor exactly equal and opposite to the g<‘iu>rator 
flux, that is, a revolving field exactly resembling the generator 
field. Hence, while in Fig. 57 the motor field cannot be of the 
simple revolving type, but must consist of two oppositely rotating 
fielife, in Fig. 56 a revolving field is quite suitable, and hence the 
distinction between the two is very great. Later on it will bo 
necessary to develop the full meaning of this difference in detail. 

Stifl another type of field is that known as the multiple polarity 
field, in which the two fields may still revolve in opposite directions, 
but are of different pole numbers instead of the same. Here it will 
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still be found that the K.M.h'/s induced in certain bars are greater 
than those induced in others. C'onsidcr the case of two and four 
poles revolving in opposite directions, the four-pole moving to the 
left at half the speed of the two-i->ole, which travels towards the 
right. This is shown in h^ig. 58. We have here to draw attention 
to a very important characteristic of such combination, the conse- 
quence of which will l)e developed fully later on. In Fig. 58(a) wc 
show the first position of the two- and four-pole combination. It 
will be seen that poles and S 2 are 
opposite N, and iVg and an^ 
opposite jHile S. 

In Fig. 58 (b) we suppose that the 
two poles arc nnived through two- 
thirds of the circumference towards 
the right, and that the four poles 
have moved ovt^r one-third of the 
circumfenmee towards the left It 
will bo seen that as a result of this 
motion the relative position of the 
poles is exactly the same as before, 
namely, and S., opposite pole A', 
and A ^3 and vS^ opposite pole wV. In 
Fig. 58(c) the poles N and 6' ar<‘ 
supposed to have moved through a lurther two-thirds of the cir- 
cumference to the right, while the four poles have moved through 
one-third towards the left. And it will be seen that the relative 
position of the poles is still the same as before. Thus, with a two- 
and four-pole combination moving at speeds inversely proportional 
to the number of poles, the relative position of tlie poles at a 
particular instant is exactly repeated at two further instances before 
the poles return to their original position. The reason for this is 
perhaps seen more clearly from Fig. 58 (d), in which we suppose two 
vectors starting from A moving in opjoosite directions, one of them 
revolving clockwise at a particular speed, and the other counter- 
clockwise at twice that .speed. 

It is clear that when the clockwise revolving vector has passed 
through 120'^ the counter-clockwise revolving vector will have 
passed through 240®, and they will, therefore, again coincide at 
the point B. Moreover, when the clockwise revolving vector has 
passed through 240® the counter-clockwise vector will have passed 
through 480® = 360® -f- 120® measured in the counter-clockwise 
direction. Hence the two vectors coincide a third time at the 
point C. 

To sum up, of all the possible permutations, only four distinct 
types of machine emerge — those briefly described above, all of 
which may be derived from one another by simple mechanical 
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processes of inversion, etc. Thus, starting from the direct-current 
machine we may (1) replace the commutator by a polyphase set of 
collector rings, and we have a s^^mchronous machine ; (2) replace 

the field winding by a squirrel cage, and we have the induction 
type ; (3) invert, making the secondary the rotor, replace the 

squirrel cage by a commutator carrying a polyphase set of short- 
circuited brushes, and reconnect the brushes iti the mannta* <U\scrihed 
above, and we have the polyphase comimitator type, 'flu'se con- 
structional modifications have one of two (d>j('ctS“ - 

(a) Adaptation to different kinds of current, as when we changt^ 
a direct-current to a polyphase machine. 

(b) To obtain characteristics adapted to some particular variety' 
of industrial work, as when we change the induction to the <'ommuta- 
tor type. It should be recognized, however, that in spite of all 
variations, there is but one dynamo-electric machine retaining its 
main features unchanged throughout. It is interesting to note that 
machines with series characteristics invariabl 3 ’' have cominutatois. 

Convertors. Various types of convertors exist calling for a place 
in our classification. The function of a conve^rtor is i\ssentiallv to 
produce a change in frequency, and, hence, when it consists only of 
a single machine it is invariably of the commututoi' t^’pt^ Such an 
apparatus (in the ideal case) is not called upon to cU^velop tor<jiu\ 
and, hence, no secondary power exists. Certain t^'pes of fr<*tpu‘ncv 
convertor are fitted with field windings whose sole ]nirpose is to 
produce a flux. In this case the secondary power is wattless or 
reactive, the only possible case of reactive secondary’ pow<T in a 
circular field machine. Convertors to operate on constant voltage^ 
must necessarily be shunt machines. 



CHAPTER XI 

I-XLIPTXC FIELD MACHINES 

Whijn we come to elliptic tield machines an entirely new set of 
possibilities presents itself. 'I'he secondary power in such a machine 
may be reduced to zero, though neither the secondary E.M.F. nor 
current is zero. Moreover, in certain cases it may become entirely 
wattless, a case which cannot occur in circular field machines. An 
elliptic field machine must necessarily have a commutator, since 
any machine having a short-circuited or separately-excited sec- 
ondary must nece.ssarily give rise to a circular field. {Note : The 
case of continuous dissipation of power, as in the single-phase 
induction motor operating below synchronism, is considered to be 
excluded by the assumption that we are dealing with " ideal ” 
machines.) 

Owing to the presence of this commutator, the secondary power, 
when it exists, appears at line frequency, and there is, tlierefore, 
no difficulty in returning it to the line or deriving it therefrom. In 
dealing with circular field machines, we found it useful to draw a 
distinction between the cases in which the commutator was on the 
primary or on the secondary, and we shall still find it useful to draw 
the same distinction. It enables us to divide our machines into two 
classes, containing pairs of machines which may be shown to be 
exactly reciprocal to one another. For instance, dealing with 
single-phase series type motors, we may divide them into a number 
of pairs. 

Diagrams of these machines are shown in Figs. 59, 60, 61, 62, 
63, and 64. The last machine, which I have provisionally called 
the compensated inverted repulsion motor, is shown in Fig. 64. 
It is quite as practical a type as any of the others, and may even 
have some advantages. Let us now consider in what manner the 
secondary power is disposed of in some of these pairs of machines. 

In the repulsion motors, ordinary and inverted, the secondary 
circuits are completely short-circuited, and, hence, the secondary 
power zero. In the neutralized series and compensated repulsion 
motors, as also in the last pair, the secondary power is used entirely 
for magnetizing and is, therefore, wattless. If the magnetization is 
of the low frequency type, as in the compensated repulsion motor, 
the secondary power {Note : It should perhaps be mentioned that 
by “ secondary power " we mean the actual power measurable by 
a wattmeter, and not any fictitious quantity such as some theories 
accustom us to consider) vanishes completely at a particular speed 
(synchronism). The distinction which we have drawn between 
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machines having the commutator on the primary and on the 
secondary merely symbolizes other important differences. Machmes 
with commutator on the primary are “ pulsating field macliines ” 
having a field distribution of the well-known type characteristic 
of the neutralized series motor, viz. having a definite axis fixed in 
space. Such machines may conveniently be built with salient 
poles. Machines with commutator on the secondary are " revolving 
field machines,” in which the field revolves elliptically at all speeds. 



Fig. 62 Fig. 6.3 64 


becoming circular, as a rule, at s3mchronism. Such inachim;.s rc<iiiii e 
an induction motor type of stator with uniform air-gup all around. 
There axe, moreover, important differences between Ihe connnuta- 
tion of the two types. In the ” revolving field type,” since the 
flux revolves with the armature at synchronism, the commutating 
conditions are identical at this speed with tho.se in direct-current 
machines. In the pulsating field type, of course, no .such condi- 
tions exist, hence the above-mentioned distinction symbolizes a 
large number of practical differences independent of any theory. 
Moreover, the same distinction has been shown to be significant 
with reference to aU standard types of machine abso. In order to 
discuss the elliptic field machines more fully, it is necesisary to enter 
upon their theory to a certain extent. The writer has accustomed 
himself to think in terms of a certain theory which is described in 
a treatise entitled Single-phase Commutator Motors}' published by 

^ Constable. 
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him in 1913. Although this method of studying elliptic field motors 
is not at present very wi<lely known, it presents considerable advan- 
tages, it will accordingly be made use of here. The purpose 
in the iollowing discussion, however, is purely that of explaining 
the two recii>rocal classes of single-phase series type motor which 
have been nuintioned above and, as it adds nothing further to our 
results, may be omitted by the reader who is unfamiliar with the 
methods used, and who is willing to take for granted the reciprocity 
of the two classes. 

Power calculations in elliptic field machines. The secondary 
power is now the prod\iot of an elliptically distributed E.M.F., 
and an independent elliptically distributed current which may 
haVe quite different axes from that of the E.M.F. The multiplica- 
tion of such ellipses has been discussed in the writer’s Single-phase 
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Commutator Motors, App<*ndix, pages 108-109, where two products, 
the ** sine ” and the cosine ” product, are defined as follows : 
Suppose we wish to multiply any two vector ellipses, we must 
resolve each into a pair o( conjugate diameters which will be in 
quadrature with one aiudher. I'hese are shown m Fig. 65 as ah 
and a'b* , and they must bo so chosen that a is in phase with a\ 
and b with b\ If a is the angle between a and a\ and P that between 
b and V, we define the cosine product of the two ellipses as aa' 
cos a + bF cos /?, If one ellijjse represents a current distribution 
and the other an E.M.F. distribution, then the cosine ” product 
represents the maximum power flowing due to the two, and J {aa' 
cos a -f- bb* cos /?) is the mean power. In the case in which both 
ellipses reduce to circles, we have ^ a' =V, a = so that 
the mean power will be a* cos a, which is the usual expression. 
Since a is in quadrature with V , and b with a\ we have not con- 
sidered the products of these terms, as they will give rise to purely 
wattless or reactive terms. It is quite clear that the above expression 
may be reduced to zero in many ways without either of the factors 
being zero, and, hence, the secondary power of our elliptic field 
machines may be zero or purely wattless, without either the 
secondary current or E.M.F. being zero. Hence, such machines are 
not restricted to synchronous speed in the absence of some means 
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of disposing of the secondary power, as are niacliines of the circular 
field type. We shall now discuss some of the principal cases in 
which such a product may be zero withoxit either of the fetors 
vanishing. 

1. Ellipses similar and of similar phase and at right angles to 

one another (see Fig. 66). In this case a /? 9()‘\ an<l th(» product 

is wattless since neither ab' nor a'b is at right anglers. 

2. Each ellipse reduces to a straight line, both being at right 
angles (see Fig. 67). In this case the product is accurately zeio, 
not wattless, and this is the only case in which it is accurately zero, 
except with a circular field. at synchronism 

aa' cos a ~ - bh' cos ft 

In this case the two ellipses rotate in opposite directions. W’e 
shall not come across any instance (^f this. Let us now consider 
what distributions of current and E.M.F. occur in some of the best 
known types of single-phase motor having stjries characteristics. 
Consider first the case in which the commutator is on the 
primary. This case includes two well-known ty]>os. the juaitral- 
ized series motor and the inverted repulsion motor, l^oth of 
these involve a stator element which is, or permissibly niav he, 
short-circuited. 

(а) The Inverted Reptilsion Motor. In the stator or secondarv 
element the current flows entirely in the short-circuited coil, and 
will be represented by a straight line ellipse paralUfl to tlui axis 
of that coil. Since the coil is short-circuited the flux ('annot intc^r- 
link it, and must be, therefore, of thc^ “ pulsating '' type repn‘- 
sented by a straight line ellipse perpendicular to the axis of th(‘ 
coil. The same ellipse may also represent the It.M.I". to a suitable 
scale if we displace the phase by 9()‘\ Hence in this case, the two 
ellipses of E.M.F. and current reduce to two straight linc‘S at right 
angles, and the cosine ” product is, therefore, accurately zero 
(see Fig. 68). The ampere-turns necessary to excite* the* Ihix are, 
of course, supplied by the primary. 

(б) The Neutralized Series Motor also coutaius a .short-circuited 
element on its stator or secondary, viz. the neutralizing coil. Vor 
the same reasons as stated above, the current in the neutralizing 
coil and the flux and E.M.F. will be reprcscntc<l by two straiglit 
line ellipses at right angles (see Fig. 69). In the present machine, 
however, the magnetizing ampere-turns necessary to excite the 
flux are on the secondary, being supplied by the field winding. The 
field currents will be represented by another straight line ellipse If, 
parallel to a and the resultant stator current by I. Thus, since 7 
and E are no longer at right angles their product will not be accur- 
ately zero, but since they are still in quadrature, it will be wattless. 
We shall now turn to the machines of the rotating field type 
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which are recij^rocal to the two just discussed, viz. the ordinary and 
compensated repulsion motors. 

3. The Repulsion ISIoior, In the rotor or secondary element the 
current flows entirely in the short-circuited circuit, and will be 
reprCvSented by a straight line ellipse parallel to the axis of that 
circuit. The It.M.F. across anv short-circuited circuit is obviously 
zero, and the E.M.F. elli]xse therefore reduces to a straight line 
perpendicular to the first, though, of course, it no longer follows 
that the flux is of the same form. Thus the rotor E.M.F. and current 
ellipses of tlu' ordinary repulsion motor are identical with the 
stator E.M.F. and ctirrent ellipses of the inverted repulsion motor 
(see Fig. 70). 

4. The ('onipensatcd Ripulsion Motor also contains a .short-cir- 
cuited eloni(‘nt on its rotor or .socoiKiary. For the same reasons as 
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in the ordinary repulsion motor, the current in the .short circuit I 
and the E.M.F. will be repre.sented by two straight line ellipses at 
right angles (see Fig. 71). In this machine, however, the magnetiz- 
ing ampere-turns necessary to excite the flux are on the secondar 3 ^ 
being supidied by the circuit through the field brushes. The fiehl 
currents will be represented by another straight line ellipse If 
parallel to E, and the resultant stator current by 7. Thus, since 
7 and E are no longer at right angles, their product will no longer 
be accurately zero, but since they are still in quadrature it will be 
wattless (reducing to zero at synchronism, however, since in this 
machine low frequency magnetization is made use of) . 

In the above discussion only the secondary E.M.F. and current 
distributions are considered, but it is easy to show that primary 
E.M.F. and current distributions are reciprocal also. In order to 
bring thi.s out in its clearest form we paraphrase the discussion in 
Single-phase Commutator Motors, pages 51, 52, 53, in two parallel 
columns on page 92. 

Shunt type machines. There is by no means so large a variety 
of shunt type as of series motors having different modes of opera- 
tion though substantially the same characteristics. Although the 
number of constructional modifications which may be suggested is, 
of course, endless, all practicable types of motor reduce, in the end, 
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to what is essentially one machine. This is <hic to the following 
facts. 

Consider the ordinary shunt motor operated on alternating cur- 
rent. If the armature current is approximately in i>has<^ with tlie 


The Repulsion Motor 
Rotor E,M.F. 


Since the rotor is short-cir- 
cuited along the axis OP there 
can be no E.M.F. along that 
axis, and the rotor E.M.F. 
ellipse is, therefore, a straight 
line along OR perpendicular to 
OP. 

Flux Distribution 

Such a rotor E.M.F. distribu- 
tion can only be produced at 
speed if by a flux ellipse whose 
axis lies along OP and OR^ that 
along OR being of length a, say, 
that along OP being Ka, where 
K ~ speed synchronism. In 
this case the transformer " 
E.M.F. and E.M.F. of rotation 
along the short-circuited axis 
OP will cancel, leaving a straight 
line distribution of rotor E.M.F. 

Stator E.M.F, 

The stator E.M.F. due to this 
flux distribution will also be 
represented to a suitable scale by 
exactly the same ellipse as the 
flux. 


'Terminal E.M.F, 

This ellipse must touch a line 
perpendicular to OQ, and at a 
distance OE from the origin 
equal to the maximum terminal 
E.M.F. 


The Tnveried Repulsioti 
IS I o tor Stator E.M .L\ 


Since the .stator is short-cir- 
cuited along the axis OP there 
can be no E.M.F. along that 
axis, and the stator It.IVl.b'. 
ellipse is, therefore, a straight 
line along OR perpendicular to 
OP. 

Flux Distrihutioji 

Such a stator E.M.h'. distril)u- 
tion can only be j)nHluc<‘d by 
an exactly similar Ilux distribu- 
tion, which may ho, represt^nted 
to an apj)roj>nai(i scale by 
exactly the same straight line 
elHp.se. 


Rotor E.M.F. 

This inirely vSinglo-j)hase llnx 
ellipse induces in th<^ rotor an 
E.M.F. ellipse wlxo.se axis lies 
along OP and OR, that along 
OR being of length a say, and 
that along OP being Ka. 

Terminal HM.F. 

This ellipse must touch a line 
perpendicular to OQ, and at a 
distance OE from the origin 
equal to the maximum terminal 
E.M.F. 
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line E.M.F., which it should be, of course, for operation on good 
power factor, it will be in quadi*ature with the flux, which lags 
90'^ behind the line E.M.F. In order, therefore, to keep the flux 
and current in phase, we need to supply the field with an E.M.F. 
leading 90® on the armature or line E.M.F. 

There is but one way to generate such an E.M.F. if we are to 
retain a purely single-phase motor, and that is by means of a pair 
of brushes arranged on the armature at right angles to the load 
brushes or those which carry the main current. The practical 



machine in which this principle is carried out in its simplest form 
is usually called the Atkinson commutator induction motor. It 
consists of a distributed single-phase winding on the stator, a pair 
of short-circuited brushes co-axial with the stator winding, and 
another pair at right angles thereto, also short-circuited. 

The E.M.F. of rotation induced in this latter pair of brushes by 
the primary flux leads 90° on the line E.M.F. and is, therefore, 
capable of producing the field we require. 

This commutator armature with its two pairs of short-circuited 
brushes may be replaced by a plain squirrel-cage armature giving 
us the ordinary single-phase induction motor. Such a machine is 
of the rotating field type, and is. therefore, capable of low- 
frequency magnetization, otherwise known as compensation, by a 
well-known method. Such a machine is the single-phase repre- 
sentative of the polyphase or circular field machines discussed above, 
and, in fact, a polyphase commutator machine of which one phase 
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has been disconnected will, if of the slixint type, continue to operate 
on single phase just as an induction motor will. Our principU\s of 
classification do not necessitate any distinction being drawn between 
single-phase and polyphase machines so long tts the lields of both 
remain circular. The principal utility of tlu\se single-]>hase oominu- 


I I 



tator shunt machines is as adjustable speed machines, ami two 
methods exist for varying the speed from synchronous- 

1. By introducing power into the appropriatt‘ rotor cinnnt (sec* 
Fig. 76) by means of a transformer, in exactly tlu^ same wav as in 
the case of three-phase motors. Our principles as nu‘ntioned above 
do not necessitate a distinction being di'awn betwt^en tlu* singl<‘ 
and the three-phase case. 

2. A method peculiar to the single-phase motor* t'onsisting m 

weakening the field perpendicular to the stator axis by means ol 
reactance or an auxiliary coil jdacecl in .scries with the brushes 

In this case, the rotor power is no longer zero, but wattless, being 
that consumed by the reactance or by the auxiliary coil. I'his 
method of weakening the field is shown in h'igs. 74 and 75. 
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VARIATION t>F POLIC NUMBKR AND 
SI’MMARV OF CLASSIFI CATION 

But besides those classifica" ions, every type may be built for vari- 
able pole numbers. One method of changing the number of poles 
is by changing the connections of the conductors, the effect being to 
alter the number of bands of current while the phase difference be- 
tween adjacent bands remains the same ; so that, for instance, instead 
of a small number of wide bands of current, the machine presents a 
large number of correspondingly narrower bands, A second method. 
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Fig 77 
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Fio. 78 

on the contrary, provides for varying the phase difterence between 
adjacent bands of curi'ent, the number and width of the bands 
lemaining unaltered. Tliese two methods are more fully explained 
in Chapter XXI, page 185. 

These methods, particularly the second, can be applied to many 
other types of dynamo -electric machines, as well as to the induction 
motor. Fig. 77 shows, diagrammatically, an induction motor, with 
a ring winding having eight tappings by which an 8-phase supply 
can be connected to it, so as to produce either 2 poles or 4 poles. 
Fig, 78 represents an ordinary induction motor having a fixed 
number of poles, i.e, 4 poles. Its winding has the same tappings, 
but they are cross-connected, so that the motor has but four ter- 
minals for connection to a 2-phase supply. The change that has 
been made, therefore, in changing from a constant pole number to 
a variable pole number type, is to omit the cross-connections and 
to vary the pole number of the motor by varying the phase differ- 
ence between the eight terminals. The cross-connections being no 
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longer necessary, the winding need not fullil the contlitions that 
they impose, and, the best number of phases in the supply is a 
prime number which in none of its connections to the motor will 
admit of cross-connections being inserted. 

If the motor of Fig. 77 is provided with a wound i-otor tappe<l 
off to a number of slip-rings in a suitable manner, and the.se slip- 
rings be fed with direct current, the motor operates as a aynchi'onous 
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motor. Instead of supplying to the slip-rings E.M.F.’s differing in 
phase, constant E.M.F.'s of magnitudes proportituuil to a nximbcr 
of equidistant ordinates of a sine curve are supplied. 

Or alternatively, the supply to the rotor may be obtained from 
a variable pole generator of the type described below. 

It is well known that the ordinary induction motor can be con- 
verted into a commutator motor by the addition of a commutator 
to its rotor winding with brushes upon it joined to the mains 
directly or through transformers, and that this addition makes phase 
compensation and self-excitation possible. In precisely the same 
way the induction motor, just described, can have a commutator 
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and brushes added to it and operate as a variable pole commutator 
machine. Fig. 79, for instance, shows a shunt commutator machine 
so constructed, the l:>rushes being connected to the mains through 
transformers, while Fig. 80 shows a substantially identical machine 
provided with cross-connections which convert it into a fixed pole- 
number shunt commutator machine. If collector rings are attached 
to tappings on the armature winding of Fig. 79, chosen according 
to the principles explained elsewhere, a frequency convertor is 
obtained, which, as will appear below, may fo* a particular setting 
of brushes operate as a rotar 3 ^ convertor. A switching operation 
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Fig. 82 


must, of course, be performc‘d on those collector rings whenever the 
number of poles is changed. Fig. 81 illustrates in the same diagram- 
matic manner a variabk‘ pole series commutator machine with 
star-connected stator winding, the rotor winding being connected 
into the star point. Fig. 82 .shows a shunt conduction commutator 
motor, of which the neutralizing winding is shown in full lines 
and the field winding dotted. There must be no connection between 
adjacent sections of the neutralizing winding, but, on the contrary, 
it is star-conncctcd, the rotor taking the place of the star point, 
and this must be borne in mind when designing the neutralizing 
winding, as not every type of winding is capable of being arranged 
to give the required distribution of ampere-conductors when 
arranged in star. There is a conductive type of machine corres- 
ponding to each inductive type, and this holds good of variable 
pole machines. Fig. 83 is a diagram of the ordinary form of phase 
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advancer, and Fig. 84 shows the connections of a phase advancer 
adapted for use on different numbers of poles, for instance, for use 
in connection with any of the induction motors hitherto described. 

Any of these motors will, if its rotor is mechanically driven, 
generate current, and so constitute a variable pole geiunator. The 
motor of Fig. 82, for instance, if mechanically driven, foims a 
variable pole generator. That the machine will excit*' itst'lf wluai 
mechanically driven has been fully shown. 

In Figs. 85 and 86 is shovm a ring-wound shunt coiulnction 
motor, substantially identical with Fig. 82. Only three sections of 



Fig. 84 


the neutralizing winding are shown (dotted) for the sake of clear- 
ness. It should be noted that in a neutralized mai'hine tlu' relative- 
position of brushes and neutralizing winding must be ki-jit lixed, 
and, therefore, instead of moving the brushes we must move tlu- 
points of connection of the field winding. In many ea.s(-s, how(-ver, 
a neutralizing winding is unnecessary. 

In the arrangement .shown in these figures, 13-phase alteiuating 
current will be supplied from the brushes, an<l in the limiting ease 
to be dealt with fully below direct current can be taken from the 
brushes, giving, in effect, a 13-wire sy-stein. Or supply might be 
taken from any less number of the brushes. 

Of course, the differences of potential between the bru.slu^s of 
such a direct-current machine are not equal, but the potentials of 
a number of brushes spaced over a pole-pair or 360 electrical degrees 
are proportional to equally spaced ordinates of a complete sine 
curve. In other words, the potential of each brush is directly 
proportional to the sine of-'the angle in electrical degrees by which 
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the brush is displaced from a zero-poteiiticil point on the 
commutator. 

As will appear bel(->w, the pole number will be variable by 
mechanically moving the brushes over the commutator, with the 
exception that, in a machine with a neutralizing winding, the 



Fig. 85 




Fig. 86 


brushes having to be kept fixed, some form of switching device 
must be employed to alter correspondingly the lapping points on 
the field winding instead. 

As an example, if each brush and the field tapping to which it is 
connected are displaced by half the circumference, the distribution 
is 2 pole, and the machine will generate direct curreift If this 
displacement is slightly varied the supply hewmes silteEiaatfiig of 
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frequency depending on the exact angle of displacement. Thv 
corresponding displacement for a 4-pole distribution is a ([luirter 
the circumference, and so forth. 

The arrangement shown in Figs. 85 and 8(5 may be drix^en, and 
will give a 13-phase supply from its brushes to supply, say, a 13- 
phase induction motor. Tlie unique teature is then obtained that 
the speed of th.e motor is variable as desired by merel\' shifting the 
brushes or the held tapping points of the generator. 

If in such a ring winding, in fact, th? ampere-conductors per slot 
are set up as ordinates of a curve, and likewise tlu‘ densities per 
tooth as ordinates of another curve, the two curves will b<‘ in 
quadrature, and the ampere-conductors per slot at (‘ach point will 
be proportional to the difference in tooth deiisitu\s on either side 
of the slot. These curves are shown at the bottom of I^^ig. 85. 

Considering a ring-wound machine of the same, type as shown in 
Fig. 86, in which each armature section is connected to a ring-wound 
held section, and taking the case when the machine opt^ratixs on a 
dehnite pole number. Consider the E.M.F.’s in any sec'tion of tlu^ 
machine included between two neighbouring bruslu^s. 'I'lns siH'tion 
includes a section of the armature winding and of the ludd winding. 
From elementary principles it follows that the sum of tlu‘ IC.M.hWs 
round such a section must be zero. The IC.M.h'.’s around this 
section are three in number. First of all there is tlu‘ voltag<‘ diop, 
due to the current (/r). This drop is in phase with tlu^ hidd currc‘nt. 
Secondly, there is the voltage induced by the Ilux cutting the stator 
winding {ILp where p = 2?? X frequency). Tliis voltage is in 
quadrature with the field current. Thirdly, thtnv is tlu^ voltage 
induced by the flux cutting the rotor winding. This is propoitional 
to the field current, and may be represented by I Mu, w1h‘I(‘ ,s* is 
the speed of the machine and M is the coeflicitmt of mutual indiu'- 
tion. The phase of this voltage induced in the rotor may \n' a<ljusted 
as desired by moving the position of the points of connection or 
tappings of the field winding relatively to tlui armatun^ lirusluxs as 
mentioned above. For this is the characteristic fi‘atuix‘ of this 
general type of machine. Suppose that the voltages in th<‘ rotor 
be in advance of the field current by an angles a, then the three 
voltages in question are represented in Fig. 87, wluu’c^ ON is tlu* 
current drop equabto Jr. OP is the voltage induced in the stator 
windings equal to ILp, OR is equal to the IC.M.F. induced in 
rotor windings equal to IMs, and the angle NOR is a. As statc^d 
above, the sum of these three E.M.F/s must be zero. 

By resolving horizontally and vertically, this condition gives us 
the two following equations — 

Jr = IMs cos a 
ILp 5= IMs sin a 
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As we have above^ assumed the number of poles fixed, the fre-' 
quency and, therefore, fi will take up such a value as to satisfy the 
second equation, and the satuiation will take up such a value as 
to satisfy the first equation, because both M and L are similar 
functions of the saturation, being very nearly inversely propor- 
tional to it, and it, therefore, cancels out from the second equation. 

It will be easily seen, for example, that if a has the value 0° or 
180'’, the frequency will be equal to zero, and in the latter case the 
machine will, therefore, excite with direct current. 

It may be interesting to consider other possibilities. If a is equal 
to 90°, cos a will be zero, and the rotor voltage could never balance 
the current drop. Hence the machine would not excite. In a similar 
manner, if a is n(‘gative or greater than 180°, the rotor voltage 
could never balance the E.INI.F. induced in the stator windings, 
and again the machine could not excite, i xcept by a reversal of the 
direction of I'otation of the flux, in which case, the angle is again 
less than 180 ’. Hence the condition for self-excitation is that a 
lies between 90” and 180°, but obviously the value of a depends on 
the number of poles, a being halved when the number of poles is 
halved and vice vc'rsa. Therefore, it the machine cannot excite 
on one pole number, it will excite on another which will satisfy 
the above conditions. In conclusion it follows that, in the machine 
shown in Fig. 86, the pole number corresponding to a particular 
position of the jxiints of connection of the field winding will be such 
as to permit of the angle at which the voltage induced in the rotor 
in any section is in advance of the phase of the current in the field 
section to whicii it is connected to lie between 90'’’ and 180°. Also, 
in the limiting case in which it is exactly 180”, the machine will 
excite with direct current. There is a finite number ol these limiting 
cases, one corresponding to every integral number of pairs of poles. 

Except in this limiting case, alternating currents will be pro- 
duced, and the currt‘nt in any field section will lag by a certain 
angle behind the E.M.F. in the section to which it is connected. 
For a high frequency it may lag nearly 90°. Assuming a lag of 
90°, which, of course, is a limiting case which can never actually 
happen in practice, then there is no current drop. It follows that 
the E.M.F. ’s induced in the stator and rotor must balance one 
another. Hence the displacement of rotor section relatively to the 
stator section to which it is connected will now be 0 or 180°, or an 
integral number of pole pitches. For any position of the brushes 
the frequency and wavelength will so adjust themselves that the 
number of pole pairs may be integral, and the angle of lag between 
armature E.M.F. and the field current less than 90°. 

Thus, if the windings of the machine are well distributed a gradual 
motion of the tappings produces a gradual change of frequency 
until, (when the distance between field and armature sections 
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approaches 180°, there will be a change in pole niiinhcT and a similar 
cycle recurs. In some cases several pole numbers may co-exist, 
forming harmonics of the lowest or 2-pole arrangement. 

Summary 

We may now summarize the results of our discussion, and make 
some final suggestions as to the best methods of classification — 

1. The classification to which we have been led by the above 
discussion first of all subdivides our machiiu's into 

[a) Circular field or constant intensity field machines, including 
all direct-current and balanced polyphase machines, all the standard 
types in fact (constant or variable pole.-numbt^r). 

(b) Elliptic or variable intensity field machines, including single- 
phase and unbalanced polyphase apparatus (constant or variable 
pole-number) . 

(r) Multiple polarity apparatus, such as the int(U’nal casca(k‘ 
machine and the split-pole convertor, whose operation dc‘p(‘n<ls on 
the presence of harmonics in the main field. No detailed discussion 
of this class is attempted (constant or variable’ p<)k‘-numbci). 

(d) We may regard homopolar machines as a fourth c'la.ss. 

2. It is shown from general mechanical considerations that 
electric power is developed in both the ])rimarv and si‘condar\* 
element of the general induction machine which is taken as typical, 
and that before an operable machine can bo produced, soinc^ method 
of disposing of this secondary power must be ckvidc^d (m. Various 
methods by which it may be reduced to zero, as is done in all 
standard machines, are discussed. Other methods of disposing of 
it are by its utilization on a separate aj>paratus (cascade sets), by 
commutator frequency transformation and returning to the liiu* 
(some commutator machines), or by rendering it i)undy reac'ti\a\ 
This can be done in elliptic field machines olll 3 ^ 

3. A second important difference depends on the use to be* made 
of the commutator which may be absent, on the }>nmary, or on tlu‘ 
secondary. Except in direct-curreiit machin(‘s, the commutator is 
only useful for obtaining adjustable sjK‘cd. 

4. A third difference, not so important as the abovc^ tw’o, dep(‘nds 
on the method of magnetization. Two diffennit methods of mag- 
netization are distinguished, viz. “ high frequency magnetization 
leading to the appearance of considerable reactive power on the* 
line, as in the ordinary induction motor, and ** low freqtumcy,'^ as 
in the synchronous and compensated types. 

5. Lastly, many types may be connected either series or shunt. 

6. A table is constructed showing all possible combinations of 
these five sets of alternatives, and it is shown that they cover all 
known types of “ constant intensity field machines, and that 
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when the place of any apparatus in the table is assigned it can only 
be constructed in one wny. 

7. Coming to the ellii^tic held machin(‘s, we hnd that the secondary 
power can be reduced to zero or a inu’ely wattless form in many 
ways without either secondary current or H.M.F. being zero. 

8. Our second principle of classification, according to whether 
the commutator is on the primary or secondary, leads us to distin- 
guish elliptic fu'ld series type machines into two classes : pulsating 
field machines- the neutralized series motor and the inverted repul- 
sion motor, and elliptically rotating field '' machines — the ordinary 
and compensated re]nilsion motor, etc. It is shown that a certain 
reciprocity or duality t‘xists between these types whereby stator 
E.M.F, and current distribution on the one typo is exactly the same 
as rotor F.M,h\ and current on the other. Tlie two types are 
distinguished by different constructional features, salient poles in 
the one tyjx* and uniform air-gap in the other, and by differences 
in commutation. 

9. Shunt ty]X' macdiines when pimply single phase are invariably 
of the rotating fi(dd typis as there is only one way of producing the 
requisite shunt field. 

It is no part of the object of this ]m'S('nt work to give a detailed 
descrij^tion of well-known apparatus, and, accordingly, nothing 
further will be said about the standard types. 

The large class of single-phase commutator motors referred to 
above has aln^ady been discussed by the writer in a volume under 
that title, and nothing further need, therefore, be said about these. 
On the oth(‘r hand, com]>aratively little has been published either 
on internal cascade machines or on variable pole machines, and 
Parts III and IV will, consequently, be devoted to these. It seems 
desirable as well to devote some further attention to the methods 
and apparatus used for low-frecpxency magnetization (or compen- 
sation as it is usually called), and also to the methods of employing 
polyphase commutator machines to utilize the secondary power 
delivered by induction machines at speeds different from synchron- 
ism. I^art V is <levoted to this. 

Finally, a table (given on page 104) may be constructed by 
reference to which a chai'acterization of any dynamo-electric 
machine may be carried out. 

The importance of conservatism in nomenclature has already been 
pointed out, and, in fact, it is undesirable to give any names (especi- 
ally complicated ones) to possible types of machine until they 
assume commercial importance. 

It may be desirable, perhaps, in some cases to be able to charac- 
terize a type in the most compact manner possible, and for this 
purpose the very convenient Dewey decimal system (already 
adopted in such learned and authoritative works as Whitehead and 
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Tvpe oi 

FieUl 

Constant 

or 

V.inable 

Pole Number 

I'lisptjsilion ,, 

of Comniuta- I'teru's 

Secoiul.\iv tin tion . 

Powei Shunt 

Constant' 

Intensity 5 ^ ^ 

Cyclic > f,,. 

Intensity > 

MwUiple > /ov 

Pole number > ' ' 

Homopolar (4) 

Constant C 

Pole numbei 5 ^ ^ 

Variable } ( 

Pole numbei > ' 

Zcio(*01) None (-OOl) Ilinhfre Soies 

qiii'iiev eooooi) 

(•0001) 

Wattless (*02) Onpiimajv I.owlic- Shiirit 

(•002) quiMU’V ( 00002) 

( 0002) 

In cascade (’03) On seeoml- 

at y ( 003) 

1 

Returned to liiu* ) I 

b\ liansfoimet \ 


Russeirs Principia Maihematica) seems suitable^ 'Flu* entries in 
the above table are, therefore, each accompanied by its apj^ropriatt' 
number on the Dewey system. Thus, on this system, 

T11221 would be the direct-current series motor, and 
2*11211 the inverted repulsion motor. Some possible combina- 
tions of numbering will be found self-contradictory. 

^ This niea,iis constant under particular conditions <>1 opt»ralioii It tlot's 
not exclude variations in field strength when conditions o})C*ration changt* 
— for instance, when the load changes in a senes motor 



PART III 

CHAPTER XIII 

COMBINATIONS OF INDUCTION MACHINES 

The cascade” or tandem connection of electrical machines. W'e 

now come to a class of machines usually known as the cascade- 
connected type. It represents a different solution of the problem 
of how to dispose of the secondary power of the general dynamo- 
electric machine, or. to adopt our mechanical analogy, of the power 
given out by the third shaft of our difterential gear. 

The best-known type of cascade-connected machine is a cascade- 
connected pair of induction motors, and we shall accordingly discuss 
these first. 

In a cascade-connected pair of induction motors the primary of 
one motor is connected to the line, and the secondary of the same 
motor is connected to the primary of another. The secondary of 
this second machine may be short-circuited directly or through 
resistance, or it may be connected to a third machine, and so on. 

By this means the electrical power flowing from the secondary 
of the first machine is converted into mechanical power by the 
second, and the problem arises as to what disposition is to be made 
of the mechanical power thus rendered available. This problem is 
usually solved by coupling the first and second motor together, 
so that they run at the same speed. They may also be coupled by 
gearing having a fixed velocity ratio. If the two machines are 
uncoupled both will be capable of running efficiently under vari- 
able speed conditions, but there will be a fixed relation between the 
speeds of the two machines. By coupling the two machines together 
we limit the set to a speed or speeds satisfying this fixed relation. 
We must now investigate this point further in the case where the 
two machines are both electrically and mechanically coupled. 

We have for the primary machine 

S = PF,(A-A) 

and, for the secondary 

S' = TV, 

Since the machines are mechanically coupled. S' == S. 

Since they are electrically coupled = zh/2 

Here the ± sign indicates that the field of the second motor may 
revolve either the same way as, or opposite to, the first. 

105 
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Neglecting the slip of the second motor, we have 

// == 0. 

Making these substitutions we get 
or eliminating /> and putting = Sq 

^3 


s = 


w, ± w. 


Sr 


Sq, of course, is the synchronous speed of the first motor. 

If = Wq, S == I'Sq or infinity, according as wc take the plus 
or minus sign in the expression above. 

The number of poles p is proportional to -jp 

Expressing S in terms of p we get 




Hence we obtain our final rule. 

A pair of cascade-connected motors runs at a speed corresponding 
to the sum or difference of their numbers of poles. 

When two machines are connected to run at a speed coriwsponding 
to the difference in their numbers of poles they arc‘ said to he in 
differential cascade. 

Taking the case where it is easy to sc'e ajiart from all 

calculations that when the machine runs at half spec^d the secondary 
frequency is half the line frequency. If we a]’>ply half the line 
frequency to the second motor it will run at half the speed corres- 
ponding to the full line frequency. As this is tlie spcu^l of thc^ first 
motor they may be coupled, and will then be in ecpiilihrium. 

Let us construct a mechanical analogue to this set by nutans 
of a pair of differential gears as shown in ('hapt(»r IX. In this 
chapter we saw how our induction motor might be compannl to a 
differential gear, in which the intermediate*, shaft was braked by a 
brake giving a torque proportional to the speed of rotation of tlu* 
intermediate shaft. 

Our present arrangement, then, must be comi)ared to a pair of 
such gears in series,'' or cascade, in which shaft li of the first 
gear is connected to the corresponding shaft of the second to 
correspond to the mechanical coupling, and shaft C is connected 
to shaft A ' to correspond to the electric coupling. 

We saw above that in each of these gears we had 

B =C-A 
== C'- 
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In virtue of the two couplings and the braking of shaft C', we 
have also 

C' =0 
ir == B 

= c 

Substituting 

ir ^B 

or C=^IA 

this gives 

B -= C-A lA - A ==-lA 

Thus wc conclude that in a pair of gears, such as are shown in 
Fig. 87, the shafts B and B' go at half the speed of A, 

This may easily be seen without calculation as follows — 

Since C' is fixed. A' and B' must have speeds that are equal and 
opposite, therefore B and C must be equal and opposite. Since 
also B is equal to the difference between C and A , these conditions 
can only be satisfied by having B and C each equal to lA . 

Let us consider what happens when the first machine — that 
connected to the line — runs in the neighbourhood of synchronous 
speed, say, with a very small slip. 

We must remember at this point that the second motor has a 
certain amount of primary resistance. When the first motor runs 
with a very small slip, the secondary motor is subjected to a very 
low voltage and a very low frequency. This voltage will be almost 
entirely consumed by the primary resistance, the voltage induced 
in the second secondary being extremely low. 

In this case, therefore, the second motor rotates idly at the 
higher speed, and the secondary of the first motor is in effect short- 
circuited through the primary of the second. 

Thus we arrive at the conclusion — 

A pair of cascade motors can run at the normal speed of the primary 
motor as as at the cascade speed. 

Another form of cascade machine electrically identical, but 
mechanically different, from that last described, is the following — 

Instead of connecting the rotor of the first to the stator of the 
second machine, we may connect the rotor of the first to the rotor 
of the second, in this way elim'nating the necessity for collector 
rings. This is shown in Fig. 89. 

The question now arises. In which direction should the flux of 
the second motor rotate ? It is clear lhat if the primary is stationary 
and short-circuited, the flux must revolve in the direction opposite 
to that of the shaft, since it must be almost stationary with respect 
to the (fixed) stator. Hence, while in our previous type (primary 
rotor connected to secondary stator) the secondary flux goes in the 
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same direction as the shaft, in our present t3^pe the flux goes in the 
opposite direction to the shaft. 

We may, however, set the secondar}^ stator in rotation as well as 
the rotor, in which case the flux ma\" go in the same direction as 
the shaft, and we get an example of a t^’pe of cascade machine 
having three elements all going at different speeds. 

An instance of such a cascade machine would be the following, 



3nakc 



Fig, 88 



Fig. 89 


in which an inverted direct-enrrent conviTtor is used to fcc'd an 
induction motor — 

■ The induction motor primary is mounted on the sliaft of the 
convertor, and its flux runs the same way as the conviTtor armature. 

The squirrel-cage armature of the induction motor, therofort', 
runs at a^ speed which is the sum of the speeds of the. convertor, 
and the induction motor flux relative to the primary. Such an' 
arrangement supplies a means of producing a high spec'd in the 
squirrel-cage rotor, while the direct-current motor continues to run 
at a low one. Inverted, it forms the turbo convertor described 
below. 
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The above brief de.scription is merely inserted here to give some 
idea of the type of cascade machine having three relatively rotating 
parts. Another convenient example will be the following — 

Consider a synchronous generator revolving field type of which 
the field and armature are shown at A^B^ 150), connected to 

an induction motor of which the primary and secondary are shown 
at CD, Let both the field and armature of the alternator be capable 
of revolution, the armature carrying with it the primary of the 
induction motor. The coimectioii between armature and primary, 
of course, is such that the motor Ilux goes the opposite way to the 
primary itself. The speed will then adjust itself, so that the motor 
flux is approximately stationary with respect to the (fixed) stator 
and its squirrel-cage winding. 

Suppose both the windings B and C have the same number of 
poles. The frequency in B is the same as that in C. The relative 
speed of C ancl D and, likewise, the relative speed of A and B 
are each the same multiple of tliis frequency, and must, therefore, 
be equal. 

Thus we conclude — 

If D is stationarv, B and will go at half the speed of A, or 
B =- 1 {A + D), 

This relation, however, is e.xactly tliat of the speeds of the three 
shafts of a differential gear 

Hence the above arrangt^ment may be regarded as an electrical 
differential ^ear. 

We may note that in the more ordinary type of cascade set, the 
same relation is obeyed by the frequencies in the three members. 

We have 

where is the secondary or intermediate frequency, /j the line 
frequency, and /.j that of the secondary of the second motor. 

Thus the two types are reciprocal as regards speed and frequency. 

Induction motors cascaded with synchronous machines. It is not 
diflicult to see that the chief difference between the induction and 
synchronous machine li<*s in the method of magnetization, as has 
been discussed at length above. 

We may, therefore, i-ubstitute a synchronous machine for the 
second induction machine of our cascade set. 

The only difference we need make in our arrangements is to wind 
what was before the secondary of our second machine as a contin- 
uous current magnet. 

In the present arrangement the characteristics will be somewhat 
different from those discussed in the last chapter. In the first place 
there will be no starting torque, and the speed will be rigidly limited 
to the synchronous speed deduced above. 
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In addition to this, such a set possesses, as a rule, two sources 
of magnetizing power — the line and the field magnets of the syn- 
chronous machine, and, hence, hunting is not impossible, although 
it has not been found to give rise to serious trouble in practical 
machines. 

Such a set, therefore, finds its principal applications as a genera- 
tor or convertor rather than as a motor. 

We shall discuss here two of its applications — 

1, As frequency convertor. 

2. As '' motor convertor.’' 

Since in a synchronous set the speed and secondary Irequency 
is quite independent of the load, it follows that such a set will give 
a fixed ratio of conversion, independent of the load. 

The chief points, therefore, for our consideration are — 

1. What will be the voltage regulation of such an apparatus ? 

2. What must be the relative proportions of the two machines ? 

Dealing with the second question first. We must note that our 

machine is now a convertor, and neither takes in nor gives out 
mechanical power, while the induction element necessai'ily gives 
a positive or negative torque at all speeds differing from synchron- 
ism. It follows, therefore, that the synchronous element gi\'es a 
nearly equal and opposite torque, since the resultant of the tw'o 
must be merely enough to overcome the mechanical friction. 

Since the two machines are mechanically coujded together their 
speeds are also equal, and, hence, their horse - pow( r outputs are 
equal. It will be clear that the argxunents we have used are equally 
true, whether the number of poles on the two machines is the same 
or not. 

If we suppose that the induction element is operating Ix'low 
synchronism it is a motor, and drives the synchronous elenu'iit as 
a generator. The following will be the relations between the powers 
of the two elements — 


Induction M acJi in e 

Primary power input 

Synchronous Machine 

Mechanical power input -+• 
secondary electrical power 
conducted in from induction 
machine 


Mechanical ptiw'er outj)ut 1 
secondary electric'al power 
(nitput 

Electrical power generated 
-1 * electrical i>ower llowing 
through to tcirminals from 
induction machine 


But our set may also run above the synchronous speed oi the 
induction machine, if there are different numbers of poles in the 
two elements and it is connected in differential cascade* 
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In this case the induction machine will be a generator and will 
receive mechanical power from the synchronous machine, furnish- 
ing to it in return an amount of electrical power equal to the total 
primary power -f- the mechanical power it receives from the 
secondary. 

Let us consider, by way of example, a set arranged for the pur- 
pose of frequency conversion. In this set the electrical power is 
supplied to the primary of the induction machine, and the electrical 
power flowing out of the secondary is led into the synchronous 
machine, which acts as a ‘‘booster,” and from which it passes to 
the line. 

We have now to consider the relation of primary and secondary 
frequency for various numbers of poles. 

Starting, as in the last chapter, with the formula 

5 == (A - A) = ± wj, 

we get 

\V 

eliminating S 

or putting 

1 1 

W. = — and == 

Pi p-i 

f _ f hi — 

Substituting again for A n the original formula, we get 

5 ^ 

These are the fundamental formulae regulating the speed, and 
the numbers of poles required for a given change of frequency. 

Let us illustrate the above formulae by the rather awkward case 
of transformation from 60 to 25 cycles. 

In accordance with the formula 

f —f Si 

A = 25 and A = 60 

we may most conveniently take 10 poles for our synchronous 
machine, and 14 for the induction. We then have 10 -f- 14 = 24. 

Now suppose the set is differentially connected, and the primary 
still supplied with 60 cycles. 


and if 
since 
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Ime 8 : For satisfactory working and symmetrical distribution of 

the forces, the two numbers of poles for the rotor winding must be 
such that when these numbers are divided by their greatest common 
factor, the one dividend must be odd and the other <jven, whilst 
the common factor itself must be greater than 2.” 

On page 408 of his paper in Vol. 52 of the Journal of the I nstiiittion 
of Electrical Engineers, he states that, to satisfy the condition of 
magnetic balance, the greatest common factor between the two 
numbers of poles must be a number greater than 2. Any two num- 
bers of poles must have a common factor of 2, since they are neces- 
sarily even. By the Hunt rule they are als(^ to have a common factor 
other than 2, and, hence, it is clear arithmetically that their highest 
common factor must be a multiple of 2: More concisely stated this 
simply means that the two numbers of pairs of poles shall have 
a common factor. The effect of this is that the circunift‘rt*nce is 
divided into two or more identical zones or sections, so that any 
values of magnetic density, current, etc., which occur at any one 
point, occur also at a diametrically opposite point or at 8, 4, 5, c‘tc., 
equally spaced points, according as tlu' common factor between 
the numbers of pairs of poles is 2, 3, 4, 5, or any other number. 

The effect of this is, of course, to ensure magnetic balance, since 
identically the same magnetic pull as occurs at any oiu^ j>oint will 
occur at two or more equally spaced points. We shall se(‘ below 
that this condition, while correct and sufficient, is by no means 
necessary. In the first place it is clear that, if the nc‘cessary condi- 
tion of magnetic balance is that the same magnetic density must 
occur at two or more equally spaced points round the eircumlc*n‘nce 
(the condition to which Hunt's rule leads us), then this condition 
must be satisfied not only by cascade machint\s, but by every 
other type of machine if it is to be magnetically balanc(‘d. But 
the briefest study will show that it is not satisfied, for instance, by 
a 2-pole induction motor or any other 2-poIe machine, since there is 
no point in such a machine which has at every instant the same 
magnetic density as any given point. Hc‘ncc it is clear that Hunt's 
rule cannot be perfectly general. 

The explanation of this apparent difficulty is as follows- - 

The magnetic attraction at any point on the circumfenmee is 
proportional not to the magnetic density but to its square. Hence, 
not merely points having equal density, but those having equal and 
opposite densities, will give rise to the same magnetic attraction. 
In the case of the 2-pole machine diameterically opijosite points 
have equal and opposite magnetic densities, and, hence, the squares 
of these two densities are equal and the magnetic pull at diametric- 
ally opposite points is the same. The most general condition is, 
therefore, that at every instant any value of the square of the 
magnetic density which appears at any po'nt shall also appear at 
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one or more other points equally distributed round the circum- 
ference with respect to the first. 

For convenience in application it is necessary to translate this 
generalized rule into a relation between numbers of poles, and we 
find that we may distinguish two distinct ranges of cascade motors 
which will be magnetically balanced — 

{a) The Hunt type, in which the numbers of pairs of poles have a 
common factor. 

{b) A new type, in which the numbers of pairs of poles are prime 
to one another and both odd. 

In fact, in all machines having odd numbers of pairs of poles, 
diametrically opposite points haye equal and opposite magnetic 
densities. Hence, if two fields both having an odd number of pairs 
of poles are superposed, and the values of the densities due to 
each at any given point are X and Y, say, so that the resultant 
density at that point is A” + Y, then at a diametrically opposite 
point the densities due to each field will he - X and - Y, and the 
resultant density - {X + Y). The squares of the densities at the 
two diametrically opposite points will thus be equal. Thus we find 
it is possible to generalize Hunt's rule for magnetic balance, and 
thereby to disclose an entirely new range of cascade machines, 
many of which have very valuable properties. 

Viewing the question of magnetic balance from a somewhat 
different standpoint it appears as follows — 

I.et the wave of flux density of one pole number be sin (;;Z| x -* pt) 

, TT X number of poles 

where nu ~ ; 

circumlerence 

p = 27 r X rotor frequency. 

That due to the other ^2 sin x - pt), 

and let x be measured from an origin fixed relative to the rotor. 
Resultant flux density fi — sin x - pt) -j- sin (wg x — pt), 
may be taken negative to account for the case where the two 
fluxes travel opposite ways with respect to the rotor. 

Magnetic pull is proportional to 

fi^ = sin- (wj X ~ pt) + sin^ x - pt) 

+ 2 ^2 sin {m-y x — pt) .sin (z/Zg x: — pt) 

This may be resolved into a series of sine waves. 

I ^ 1 ~ cos 2(wi X - pt) \ 

+ I f 1 - cos 2(^2 x;-pt)\ 

+ Pi P 2 [cos (mjL - m. 2 ) X + cos [ .r - 2 p£\\* 

This expression consists (besides a constant term uniform round 
the periphery) of {a) a wave leaving the number of poles of the one 
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flux, {h) a wave having the number of poles ol tht^ sccoiul flux, 
(c) a wave having the sum of the number of poles of the two and 
doubled frequency, {d) a wave having the difference of the number 
of poles of the two fluxes and stationary with respect to the rotor. 

This series of waves (with the constant term) represents the mag- 
netic pull at all points round the circumference. 

Where the sine wave is positive the pull is inward, say, towards 
the circumference. Where it is negative it is outward. 

Plot a sine wave on a circular base representing the circumfc^rence. 

Two cases arise — 

1. If there is a two-pole wave, the pull on, say, the. upper 
half of the circumference is towards the circumference that is down- 




ward in the figure (t/) and that on the lower half of the* circumftM'ence 
is away from the circumference, that is still downward in the figure. 
That is, both halves of the wave produce a pull having the sanu* 
direction in space, and hence the magnetic inill is unbalanced. 

2. If the wave has more than two poles. Fig. {b), then the zones 
in which the pull is towards or away from the circumfcTtmce are 
symmetrically distributed so that there is no unbalanccHl magnetic 
pull. 

Hence, we get the final rule for magnetic balance, embracing 
both the earlier ones and indicating fresh possibilities. In a machine 
havifig fluxes of two different pole-numbers, the pole numbers must 
differ by more than two to secure magnetic balance. 

The cascade machine has hitherto been considered to be essenti- 
ally a low speed type. This arises from the facts that the number of 
poles in the cascade motor must be the sum of the number of poles 
of two distinct machines, and that both numbers of pairs of poles 
are sufficiently high to permit of there being a common factor 
between them. The new range of machines does not necessitate 
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there being any common factor between the two numbers of pairs 
of poles. Hence, it permits of the production of machines of a 
higher speed than has hitherto been possible. Described below in 
detail is a combination having 2 and 6 poles which gives a cascade 
speed corresponding to 8 poles, i.e. 50 per cent higher than the 
highest cascade speed obtainable from machines built under Hunt's 
rule. 

We now have to consider whether any limitation in the pole 
combinations is required in order to enable the windings to be 
mutually non-inductive. Where a winding of the type described 
by Hunt is used as a stator winding, it is necessary that the numbers 
of pairs of poles when divided by their greatest common factor 
shall be odd in one case and even in the other But it is possible 
to design types of stator winding, other than that described by 
Mr. Hunt, to which this limitation does not apply, and examples 
of these will be found below. Obviously, since in the new types of 
mechanically balanced machines both numbers of pairs of poles 
must be odd, the condition imposed by Mr. Hunt's stator winding 
would not be met, and it is necessary to have recourse to other 
methods, which will be found described below. 

In the general case, where two distinct stator windings are used, 
it may readily be shown that almost any two stator windings con- 
taining no closed circuits will be mutually non-inductive, there 
being only a few exceptions, practically confined to cases where the 
number of poles in one case is a direct multiple of that in the other. 
Thus, by using two distinct windings on the primary member, 
neither of which contains any closed circuits, we can produce an 
internal cascade motor capable of operating on practically any 
combination of poles, with the possible exception of poles which are 
exact multiples of one another. Therefore, in studying the rotor 
windings as we shall do below, we need not be handicapped by the 
thought that pole combinations which give rise to a possible rotor 
winding cannot be used because an appropriate stator winding 
cannot be found for them. 

Rotor Windings, It will be generally agreed that the rotor 
winding is both that part of the internal cascade machine which is 
most difficult to understand, and also the part which differentiates 
it from every other class of apparatus. An attempt has, therefore, 
been made to consider it from an entirely novel and very funda- 
mental standpoint, in a manner quite independent of any other 
method. This has the advantage of making clear some very inter- 
esting features of these windings. It is shown below fhat a winding 
adapted to any given cascade speed can operate with any balanced 
combination of fields which gives rise to the given cascade speed. 
For instance, a rotor adapted to run with a 20-pole cascade speed 
can operate with either a combination of fields giving 8 and 12 poles, 
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or a combination of fields giving 16 and 4 poles. Now, considered 
as a variable speed motor, perhaps the most striking feature of the 
internal cascade machine is that when the slip-rings arc short- 
circuited the motor rises to the speed corresponding to the number 
of poles for which the primary is wound. Thus, a machine having 
a cascade speed corresponding to 12 poles an<l a primary wo unci 
for 8 poles will, when the slip-rings are short-circuited, rise from 
the 12-pole speed to the 8-pole speed. If the primary is arranged 
for 4 poles, however, it will rise from the 12-pole spt'ed to the 4-pole 
speed. The same characteristic is retained m the case just men- 
tioned. For instance, if the stator winding is arranged to give 
either 4, 8, 12 or 16 poles, the motor will rise from its 20-pole 
cascade speed to 16-pole speed, to 12-pole speed, to 8-]:>ole speed, 
or to 4-pole speed, according to which of these numbers of poles 
the stator winding is arranged for. Hence, instt‘a<l of th^^ three- 
speed cascade motor as hitherto developed it is found possible by 
this means to obtain a five-speed cascade motor. Simihirly, a 
cascade motor arranged to give a cascade speed corresponding to 
28 poles can be arranged with the same rotor winding to oi>erate 
on 4, 8, 12, 16, 20 and 24 poles, rising to any oiU‘ of these speeds, 
on short-circuiting the slip-rings, according to which of tlunn the 
stator winding is arranged for. 



CHAPTER XV 

PRINCIPLE OF THE SECONDARY WINDING 

It has been mentioned that the essential part of the cascade motor 
is its rotor winding, and it is accordingly essential that this should 
be clearly understood. One of the clearest ways of regarding the 
subject seems to be the following. Many people are familiar with 
the acoustic phenomenon known as " beats/' and most electrical 
engineers are acquainted both with the method of synchronizing 
an alternator by means of the alteration in the flickering of a lamp 
as we approach synchronism, and with the explanation thereof. 



The compound winding of the cascade rotor is an application of 
this phenomenon of '' beats " m another field. Beats " in music, 
or the flickering of the synchronizing lamp, are due to the following 
cause. Let there be two E.M.F. waves of different frequency which 
are plotted in Fig. 91, in which the ordinates represent E.M.F. , and 
the abscissae time. Starting with both waves approximately in 
phase (passing through zero together), after a certain number of 
periods^ due to the difference of periodic time, the two waves 
become opposite jn phase and the amplitude of the resultant wave 
(Fig. 91 (^) ), which was first of all the sum of the amplitudes of the 
two component waves, now becomes their difference. After a fur- 
ther number of periods the waves are in phase again, and the 
resultant is again the sum of their amplitudes. The period of this 
cycle, or " beat," is the difference between the periods of the two 
component waves. 

As an application of this phenomenon will be described below, it 
is desirable to dwell upon it further. 

Another method of studying the subject which is often adopted 
is that of the clock diagram, whereby each wave is represented 
by a revolving vector whose projection on a vertical axis, say, 
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represents its value at any moment in one complete revolution. 
Since the periods of the two waves are unequal, the rates of revo- 
lution of the two vectors are unequal. 

Fig. 92<^ shows the two vectors, the resxiltant being the vector 
sum of the two (projected on the vertical as usual). Clearly the 


A 




resultant is a maximum when the two vectors haw the same 
direction, and a minimum when they have opiK)sit(‘ directions. 
The relative speed of the two vectors is clearly also tlu' difference 
of their actual speeds, and, hence, the frequency ol the beat will be 
the difference between the frequencies of rotation of th(‘ two vec- 
tors. Thus, when the two vectors have accomplished a relative 

movement of ISO”, which is c'learly a 
half-period of relativtt motion, the I'e- 
sultant curve has chang(‘d from maxi- 
mum to minimum. 

Now let us see how tlu* above rx'inarks 
apply to the cascade motor. C'onsider 
first a plain drum armatures or rotor with 
6 slots (Fig. 92/;) arrangi^d for three- 
phase currents represented as vectors in 
Fig. 93. Let us set out th(‘ amiXTe- 
conductox's per slot in the form of a 
vector diagram. In slot 1 tlu^ ampere- 
conductors are in phase .1 , and may b(^ 
represented by a vertical vector of 
suitable length. Similarly in slots 3 and 5 the ampere-conductors an‘ 
in phases B and C respectively, and may be represented by vectors 
of the same length, since there is the same number of conductors 
in each slot, making 120° and 240° respectively with the first. In 
slot 4 we have the return conductors of slot 1 . Hence the ampere- 
conductors of slot 4 are equal and opposite to those of slot 1, and, 
similarly, those of slots 6 and 2 are equal and opposite to those of 
3 and 5. 
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Examining the diagram obtained by this process, we see that the 
vector for each slot is of equal magnitude and set out from a common 
origin, and that on making the circuit of the rotor from slot to slot 
the vectors corresponding to slot 1 may be regarded as rotating 
and moving through equal angles for equal distances travelled 
through, as measured round the circumference. With only 6 slots 
the vector proceeds by steps, but clearly in an ideal machine we 
should have an infinite number of slots each carrying currents 
differing in phase by a very small angle proportional to the distance 
from slot to slot. In this case, as we travel uniformly round the 
rotor, the ampere-conductor vector in our diagram would also 
rotate uniformly. 

So far we have only considered a 2-pole rotor. Now suppose we 
have 12 slots and a 4-pole rotor (Fig. 94). The vector diagram 



remains exactly the same as before, but the revolving vector makes 
a complete revolution in travelling from slot 1 to slot 7, or two 
complete revolutions travelling round the whole circumference. 
Each vector, therefore, represents the ampere-conductors in two 
slots, such as 1 and 7, 2 and 8, etc., instead of in one (see Fig. 95). 
In general it is clear that for n pairs of poles the vector makes n 
complete revolutions while we go once round the rotor. Comparing 
therefore the same rotor wound for, say, 2 and 4 poles, we see 
that with the 4-pole winding for a given distance, say one-twelfth, 
travelled round the circumference, there is double the angular 
displacement of the rotating vector compared with that on 2 poles. 
In other words, on 4 poles the rotating vector revolves at twice its 
2-pole speed (see Fig. 96). 

This fact enables us to distinguish a rotating vector drawn in 
this way from an apparently similar one representing the rotating 
flux or ampere-turns due to such a rotor on a time basis. Such a 
rotating vector revolves only half as fast in the 4-pole case as in 
the 2-pole, the speed being inversely proportional to the number of 
poles, while the speed of the vector drawn in the above-mentioned 
manner directly proportional thereto. In all matters of this 
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kind the utmost clearness as to fundamentals is essential, and by 
proceeding to deduce results without making sure of fundamentals 
serious errors may be committed. Therefore no apology is needed 
for carefully distinguishing the present diagram from a time dia- 
gram. 

Such a diagram, when a continuous curve, is the laws of the 
vector as a function of .r or 0 measured circuinlerentially. 

A convenient practical method of drawing a diagram of the 
above type is as follows — 

Draw a circle of radius equal to the length of the rotating vt^ctor ; 
divide the circumference into any suitable niiniber of divisions, and 


/ 0 - 



Fig. 96 Fig. 97 

number these divisions 1 to n. Determine the angular displacement 
corresponding to any one division. This will be 

(360° X number^gf pairs of ]>oles) ^ 

Number of divisions 

Starting from any point mark off angular distances a, 2<i , . , na 
(which will be a multiple of 360°) along the circumference of the 
circle representing the revolving vector. Mark the i^oints so 
obtained 2 ... n, corresponding to the number of divisions of 
the circumference. For instance, with n — 12 and 2 pairs of poh^s, 
a =-= 60°, and we get the result shown in Ing, 97, in which it is 
clearly unnecessary to repeat the angle in marking <rach division. 

Having explained how we may draw a ve.ctor diagram in the 
form of a rotating vector to represent the ampere-conductors of a 
polyphase winding on an ideal machine having a very large num- 
ber of slots and phases, we may proceed to apply this diagram to 
the cascade motor. 

Returning to the 6-slot rotor of Fig. 92, let us now suppose that, 
in addition to the 2-pole winding we considered before, the rotor is 
fitted with a 4-pole winding as shown in the outer circle of Fig, 98, 
the six bars composing it being imagined joined in star at one end 
of the armature and to the terminals .at the other. The vector 
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diagrams corresponding to these two windings are shown in Fig* 99. 
If we consider any particular slot, say slot 2 for instance, the resul- 
tant ampere-conductors in it are the vector sum of those due to the 
2-pole winding and to the 4-pole winding. That is to say, we have 
to add the vectors from Figs. 99 {a) and {b) which correspond to the 
same point on the circumference, i.e. the 
vectors marked 2 in the above diagrams, 
whose resultant is shown in Fig. 99 (c). 

The general rule, therefore, for finding 
the resultant vector of ampere-conductors 
for any number of windings on the same 
member is to take the resultant of all the 
vectors of the original windings corres- 
ponding to the same point on the 
armature. 

Let us apply this to the case where 
the ampere-conductors in both windings 
are represented by uniformly revolving 
vectors, which for the sake of clearness 
we may suppose to revolve, one at twice the rate of the other, in 
opposite directions. By choosing a particular ratio of magnitude, 

1 e. the 4-pole vector equal to 1*732 times the 2-pole vector, we 
get a case corresponding to one of the cases discussed by 
Mr Hunt, which will accordingly permit us to compare our method 
with his. 

Fig. 100 shows a diagram proportioned and arranged in this 
manner, the inner or 2-pole vector rotating clockwise with half the 



Fig. 98 




Tour-pole winding 
Fig 99 



speed of the outer. The numbers on the inner circle show that 
the circumference of the rotor has been divided into 24 equal parts 
independently of the number of slots (if any). The same numbers 
appear on the outer circle angularly displaced by an amount twice 
as great. A particular phase appears twice at points diametrically 
opposite on the rotor, so that it is clear that the vector makes 
two complete revolutions in the same time that the inner vector 
makes one. The circumference is divided into a definite number 
of parts to enable us to identify the vectors on the two circles which 
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correspond to the same point on the rotor. The number of divisions 
is chosen merely to give a sufficient number of points to enable us 
to draw a smooth resultant curve, and not with any reference to 
the number of slots. 

It will be seen that we have now arrived at a tliagram identical 
in principle with Fig. 92a. by which we illustrated the beats ” of 
a synchronizing lamp, except that in the former the diff<;rent posi- 
tions of the rotating vector correspond to different instants of time 
instead of to different points on the circumference of a rotor. Fig. 9'2a 
is a " time ” diagram and Fig. 100 a “ space ” diagram, otherwise 
they are identical in principle. 

By means of the two rotating vectors of b'ig. 100 let us plot 
out the resultant curve of ampere-conductors rouml the n^tor, due 



to 2-pole and 4-pole windings rotating in opi>osite <lirections. This 
is done by first forming the vector sum of the two component 
vectors corresponding to point 1, marking its extremity as the 
resultant at point 1 ; next forming the resultant of the two vectors 
corresponding to point 2, marking its extremity as the resultant 
at point 2 ; and so on round the circumference. In this way we 
plot out point by point a curve having three syitimcitrical lobes, 
which gives us the resultant ampere-conductors both in magnitude 
and in phase at any point round the circumference. This curve is 
shown in Fig. 101 and, as it is of the utmost interest and importance, 
we shall devote some space to studying it and its relation to other 
methods of regarding the subject. 

Consider, for instance. Hunt’s investigation given in his paper 
above referred to. In this paper he considers 4-pole and 2-pole 
windings rotating in opposite directions, as we have done (for 
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the present investigation has been modelled to give results as 
comparable as possible with his). He chooses a definite number of 
slots (12) and winds into these slots two distinct windings, so con- 
nected and of such pitch that the ampere-conductors per slot of 
the 4-pole winding are 1-732 times those of the 2-pole winding. 
These two windings are connected in series in such a manner that 



the R.M S. currents in all conductors are equal in magnitude, and 
a symbol is attached to each conductor indicating its phase. 

A diagram of these two windings in series is given in Fig 102. By 
a suitable arrangement of the relative position of the two windings, 
Hunt then succeeds in showing that in certain slots there are bars 
carrying equal and opposite currents which he then cancels. This 
process, it is clear, is one of finding the resultant ampere-conductors 
of two distinct component windings at a particular slot. That is to 
say, Hunt's process and the one illustrated above are the same in 
principle. 

Nothing could be more conclusive or more graphic than Hunt's 
process where it is applicable, but the existence of so many different 
variables, for instance, (1) number of slots, (2) conductors per slot 
on the first winding, (3) conductors per slot on the second winding, 
(4) pitch of first winding, (5) pitch of second winding, (6) relative 
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displacement between the two windings, (7) number of phtiscs, (8) 
connection of windings (star, mesh, etc.), makes it a process very 
limited and difficult to apply. On the other hand, the ^'ector 
method of drawing the resultant eliminates nearly all of these 
variables, and enables us to study cases where the use of Hunt's 




method is impossible, or is at least extremely difficult t)f applica- 
tion. 

We shall now, for comparison with Fig. 101, draw a <liagram of 
ampere-conductors represented as vectors for the case of an arma- 
ture having 12 slots and carrying the winding developed by Hunt. 
Hunt's method of indicating the phases of his currents differs so 
widely from the vector method that it is necessary first of all to 
prepare a little dictionary of symbols, , whereby we may translate 
his symbolism into vector diagrams, as given in the table at the 
top of the next page. 




PRINCIPLE OF THE SECONDARY WINDING 


127 


Symbol 

Magnitude 

Phase 


B 

1-0 

0® 

B ^ 

5 

1*0 

60° 

c e 


1-0 

120° 

A C 


1-0 

180° 

B O 

1-0 

240° 

c o 

1*0 

300° 


That is to say, where Hunt marks a bar as in the left-hand 
column, the phase of the bar is that shown in the right-hand column. 



With the aid of this table we may draw the vector diagram 
corresponding to each of Hunt's component windings. First of all 
we note, as Hunt points out, that the phase difference between top 
and bottom conductors in the 4-pole winding is always 60®. Hence 
the resultant ampere-conductors per bar will be 1-73 times those 
in any one conductor. We also note that the phase difference 
between conductors in adjacent slots is always 60°. In the 2-pole 
winding adjacent slots have the same currents in them in pairs as 
2 and 3, 4 and 5, etc. 

From these data we may draw Fig. 103, containing two concen- 
tric circles of radii in the ratio of 1-73 : 1, their circumferences being 
numbered in the manner shown. By producing the resultant of 
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vectors to points on the two circles similarly ninnberod, and join- 
ing the extremities of these vectors, we get Fig. 103 which corre- 
sponds to Fig. 101, except that the vectors change from one value 
to the next in steps instead of gradually. In Fig. 101 this polygon 



(fl) {b) (c) 

Fig n)4 


is shown dotted and superposed on the 3-lohed iigure derived from 
the previous calculation. It will be .seen that this polygon repre- 
sents an approximation as close as can be obtained with only 
12 slots. In a practical ca.se there would be more slots, say not 

le.ss than 48. which would give 
a still closer approximation. 

Hunt has shown so con- 
clusively the identitv of his 
two component windings with 
his resultant winding that it is 
unnece.ssary tor us to compare 
again this latter with our ideal 
3“lobed iigure. Already, how- 
ever, we begin to .set^ what is 
the essential characteristic of 
the cascade I'otor, viz. that 
certain parts of the armatun^ 
havii a greater number ot' 
ampere-conductors perslot than 
Fig. 105 others. 

In addition to the winding 
we have just analysed, which is the one chielly employed in pnicticcs 
Hunt has described, chiefly in his patents, several other windings. 
It will be instructive to draw corresponding ampere-coiKluctor 
diagrams for these windings also. 

Referring, therefore, to Hunt’s British Patent No. 15 711/1906 
and his Figs. 1, 2, and 3 (reproduced in Fig. 104 here), let us 
endeavour to translate the resultant diagram (Fig. 104 (c) ) into 
a vector diagram in the same manner as before. 
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The same table as previously used will serve to translate' Hunt s 
symbols into vectors. 

In the polygon (triangle) obtained in Fig. 105 we clearly have an 

approximation to a 3-lobed 
figure such as that of 
Fig. 101. 

Another curious winding 
is shown in Hunt's Figs. 4, 
5, and 6 (reproduccHl here in 
Fig. 106, (rt) and (b) repre- 
senting the components, and 
(c) the resultant winding. 

Another 3-lobed figui'e of 
a rather imperfect type is 
shown in Fig. 107, derived 
from Fig. 106 (c). 

It should now be obvious 
from the examples we have 
discussed that any winding 
which yields a vector diagram approximating sufficiently closely 
to our original lobed figure can be used as a cascade secondary. 
For instance, (c) in Fig. 106 may be much improved by the addition 






Fig. 107 



Fig. 108 


of some further conductors, thereby making it practically equal 
to Fig. 103. Diagrams of this improved winding and its vector 
diagram are shown in Fig. 108, 

Fig. 108 is a vector diagram and diagram of connections for a 
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winding having 36 slots connected as shown, which has merely 
been built up empirically so as to give a vector polygon as close as 
possible to the ideal curve, which it approaches very closely. No 
attention has been paid to determining whether such a winding 
can be arrived at by superposing two other windings, and the 
principal object of explaining it is to make it clear that this is not 
in any sense a necessary condition, and that the sole condition to 
be met is that it shall conform as closely as possible to the ideal 
curve. From the diagram of connections it will be seen how the 
fundamental characteristic of the cascade rotor winding, i.e. that 
of having a periodic variation corresponding to the " beats '' or 
ampere-conductors per slot, is shown, since the number of conduc- 
tors per slot varies from 1 to 3. 

We have thus shown how actual windings may be constructed 
in various ways to give a distribution of ampere-conductors per 




Fig 109 

slot approximating to that of the 3-lobed curve derived from two 
uniformly rotating vectors, one of which revolves through double 
the angle traversed by the other for equal displacements along the 
periphery of the rotor. 

Two questions at once suggest themselves. It has been pointed 
out above that cascade motors may be built for many other ratios 
of numbers of poles than 2.1. What curves will arise in these 
cases, and how can we fit windings to them, and what determines 
the number of maxima or lobes ? Let us now consider these ques- 
tions, taking the second one first. 

It is clear in the first place that the maxima can only occur when 
the two revolving vectors coincide in direction. Consider again the 
case where one vector is revolving twice as fast as the other and in 
the opposite direction, and assume that at a certain point in the 
periphery the two vectors coincide in direction and the resultant 
curve, therefore, has a maximum. This is shown in Fig. 109 {a). 
Now consider Fig. 109 (6), where the slower, say the 2-pole, vector 
has moved through 120°. Since the faster vector, say the 4-pole, 
goes twice as fast it will have moved through 240° in the opposite 
direction, and will, therefore, have arrived at the same point. 
Hence we have another maximum. Similarly, when the slower 
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vector has moved through 240° (Fig. 109 (r) ), the faster vector will 
have moved through 480° (360° 120°) in the opposite direction, 

and they will again coincide in direction, giving a third maximum. 
Finally, when the slower one has moved through 360 ’ the faster 
one will have traversed 720°, and we return to the position from 
which we started. This explains why, in the case of a 2 : 1 speed 
ratio, we have a 3-lobed curve. 

Let us now endeavour to express this in the form of a general 
rule, taking first the case of vectors revolving in opposite direc- 
tions. When one of the vectors has traversed an angle 0 assume 
that the other has traversed an angle 0 X bja, where bla is the 
ratio of the numbers of pairs of poles of the two fields reduced to 
their lowest terms by dividing by any common factor. Then, if 
when 0=0 the two vectors coincide, they will again coincide when 

0 = 360° - (0 X bla) 

. ri; X 360° 360° 

i.e. when ^ = ; — P — or - — ; — 77T"T 

a + b 1 -f- {bla) 

This will be called the characteristic angle. 

Thus the angle between successive maxima is 

a X 360° 

{a + b) 

The number of maxima will be the smallest number by which 
this angle can be multiplied to make it a miiltii>le of 360°. 

This number will be {a b), since a and b have no common 
factor. 

Thus our final rule is — 

The numbers of maxima in the curve of resultant ampere-conductors 
is the sum of the numbers of pairs of poles in the txcH) oppositely revolving 
component fields, after any common factor has been divided out. 

A few numerical examples may make this rule clearer. 

In the case we have just considered (Hunt's case) bla — 2/1, 
360° 

0 — TT == 120°, and there will be (2 [- 1) - 3 maxima. 

(2 i) 

Take the case of 4 and 6 poles or multiples thereof, which will 
also be balanced as has been shown above. Here bla ~ 3/2, 
2 X 360° 

® = 144°, and the number of maxima is (2 'b 3) - - 5. 

(2 -f- o) 

Here we notice for the first time a fact that it will b6 necessary 
for us to investigate fully, viz. that curves having the same number 
of maxima can correspond to different pole combinations. For 
instance, take the case of 2 and 8 poles or multiples thereof, another 
balanced combination. Here 

360° 

bla = 4/1. e = == 72» 
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and the number of maxima is again 5. Before investigating this, 
however, we must deal briefly with the case where both fields 
revolve in the same direction. 

If both vectors rotate in the same direction but at different 
rates, starting from a position of coincidence, they will again coin- 
cide when the faster has turned through the same angle as the 
slower plus some multiple of 360°, that is, when the difference 
between the two angles is a multiple of 360°. 

Expressing the above statement as a formula we get 


Ob 

e 360°, 

a 


« X 360° 
^ — (a-b) 


Take the case of 2 and 6 poles, also shown to be balanced. Here 
b/a = 3/1, /. 6 = 360°/2 = 180°, and the number of maxima for 
the same reason as before is (a - b) ==2. The negative sign refers 
only to direction of rotation, and may be neglected. Thus, for 
vectors rotating the same way our final rule is — 

The number of maxima in the curve of resultant ampere-conductors 
is the difference between the numbers of pairs of poles in the two 
similarly revolving component fields, after any common factor has 
been divided out. 

As regards the magnitude of these maxima, it is clear that this 
will be equal to the arithmetical sum of the magnitudes of the two 
component vectors, and the minimum value to their arithmetical 
difference. Hence, if they are equal the minimum value will be 
zero. 

Several instances occur in the course of the present investigation 
where it is necessary to work out the difference of two equal vectors, 
E.M.F.'s or currents for instance, having a given phase difference. 
For two equal vectors, the well-known formula for the third side of 
a triangle having two sides a, b, and an included angle of 0 ; viz. 

-2. ab cos 0 — reduces to c = 2a sin |0. For instance, 
the E.M.F.’s in the two bars forming one turn of any coil differ in 
phase by an angle equal to (180° x coil pitch)/(pole pitch) = a, 
say, and the resultant E.M.F. per turn is = 2E (per bar) x sin 
(90° X coil pitch)/(pole pitch), the latter quantity being frequently 
called the chord factor. 

Again, if two turns are connected in series reversed, as in the 
case of turns round adjacent N and S poles of a machine, then the 
E.M.F.'s in the two turns will differ in phase by y == 180° X (pitch 
of corresponding bars of the two tums)/(pole pitch), and the resultant 
E.M.F. of the two turns will be Eg == 2Ei sin Jy = 4E (per bar) 
sin Ja sin Jy, The same formula enables us to calculate the star 
currents in the windings, each of which forms the resultant of 
two mesh currents, and is used in several places in the present 
paper. 
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Ratio of the Flhxes 

In several of the windings, notably the Hunt star-mesh windi^g^ 
each phase consists of two coils joined in series and in op})ositioi:. 
This is clearly shown in Fig. 110, in which the three circuits in th(' 
Hunt winding are shown by diferent kinds of line. It will be worth 
while, therefore, for us to study how to determine the ratio of tlu' 
fluxes in such a circuit. We have just seen that the E.M.F., wh:it- 
ever the number of poles is, 

= 4E (per bar) sin la sin circuit), 

where a = (180° x coil pitcli)/(pole pitch), and y (180" x intch. 
of corresponding bars)/(pole pitch). 

Corresponding bars, for instance, might be those marked 30° ard 
240° in the top layer of Fig. -24. ’I 



It is clear that a and y will be diflerent for the two distiiu't mini 
bers of poles of the cascade machine, and that the sum of th<‘ E.M.F.’s 
due to the two fluxes must be zero. Hence, if />\ , />*2 are the ma.ximum 
densities due to the two flux(‘s, wc have 

Max. E.M.F. per bar for the first Ilux. 

Max. E.M.F. per bar — for the sc^cond flux. 

Vx and Fa being the speeds of the fluxes reflative* to tlu^ rotor, 'flu' 
equation determining will bo 

FjBi sin \ai sin ly^^ --= ^ 2/^2 

This ignores the breadth coeflicient of the coils, which we shall hav(' 
to discuss directly. 

In some windings, for instance that shown in Fig. 102, we have 
Coil pitch — pitch of corresponding bars in the two coils. 

In this case a = y, and the formula becomes 

V^Bi sin^ \ax = ^ 2^2 sin 
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Taking this formula first, let us apply it to certain instances — 


1 

Case 

No of 
Slots 

Pitch 
of Coil 

Poles 


Sin ia 

V 

(Smta)* 

6 

Sm(l80-|) 

1 

12 

1-4 

2 

90® 

0-707 

2 

0-5 

30 

0 965 


12 

1—4 

4 

180® 

1 0 

1 

1 

60 

0-866 

2 

20 

1—4 

4 

108° 

0-81 

3 

0-655 

36 

0-95 


20 

1- 4 

6 

162° 

0 99 

2 

0 98 

54 

0-88 

3 

20 

1 -4 

2 

54® 

0 455 

4 

0 207 

18 

0 99 


20 

1 -4 

8 

216® 

0 96 

1 

0 92 

72 

0-81 

4 

16 

1—4 

2 

67 6® 

0-557 

3 

0 301 

22^ 

0 98 


16 

1 - 4 

6 

203® 

0-98 

1 

0 96 

67^ 

0 83 


Case 1. X 2 X 0*5 == X 1 X 1 ; B^= 

This is Hunt's case, for one of his windings. 

Case 2. x 3 x 0*655 = B^ >c 2 x 0*98 ; Bj^ = 0-99B^. 

Case 3. x 4 x *207 = jBg X 1 X 0*92 : B^ = 1-11J52. 

Cases (2) and (3) are the cases discussed below, in which identic- 
ally the same winding is operated on two different combinations of 
poles, enabling us to get 4, 8, 12, and 16 poles with a 20-pole cascade 
speed. The calculation just made shows that the ratio BJB^ is 
about the same on both pole combinations. 

Case 4. Bj^ X 0*301 X 3 = B^ x 0*96 X 1 ; 

This is an example of the new type of magnetically balanced 
machine described below. 

These results will be somewhat modified by the influence of 
'' breadth factor " when the coils in series extend over several slots 
instead of one only. We assumed above E (per bar) — VB. In 
the Hunt winding, for instance (Fig. 102), it will be noted that each 
section, between the star point and the point where the winding 
reverses, i.e. the point where the coil joined to a collector ring 
is tapped in, consists of two turns in neighbouring slots spaced 
apart therefore by one-twelfth of the circumference, or 30° of phase 
on 2 poles and 60° on 4 poles. The E.M.F.'s in it will, therefore, 
differ in phase by these amounts. Calling these angles of angular 
spacing 5^ and d^y our final formula becomes 

V^Bj^ sin Jai sin J(180 - 5i) = V^B^ sin sin sin J(180 ~ ^ 2 ) 

In the table above, the values of these quantities are calculated. 
Applying these to the various cases considered, we get — 

Case 1. B^ =^0-S95B^. Hunt states on page 413 of his paper: 

The flux per pole of the 2-pole field is equal to T73 times the 
4-pole flux." This gives us B^ == 0-866.B2, i.e. the value to which 
we approximate as the number of slots gets larger. Hence our 
results are in practical agreement with those of Hunt. 

Case 2. From the previous calculation corrected, B^ = 0*91552* 
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Case 3. From the previous calculation corrected, === 0-91 SB^, 

The result of this correction is to show that the ratio of the 
densities is identical in the cases where the same winding is operated 
on two distinct combinations of poles. 

Case 4. This gives 

It is perhaps desirable to point out that the ratio of the diameters 
of the two circles on which the ideal curve of ampere-conductors is 
based is merely a measure of the ratio of ami>cre-conductors j')er vSk)t 
in two component windings, and no/, of the fluxes or magnetic 
densities. These calculations, in fact, will be sufficient to show 
clearly the principle on which the determination of the relative 
densities must be based. Every winding will consist of a number 
of exactly similar closed circLiits. Calculate the E.M.F. in one such 
circuit due to the flux of one number of poles. Then calculate it as 
due to the flux of the other, and equate the two. This will give an 
equation determining the relative densitie.s or fluxes p<'r polo. 



CHAPTER XVI 

CONSTRUCTION OF SECONDARY WINDINGS 

One of the most important features of the cascade motor is the 
possibility of changing from cascade speed to any of the basic 
speeds, and several methods of carrying this out may be explained. 
The two salient characteristics of the cascade rotor are — 

1. Both the fields on which it operates rotate with respect to it 
at speeds much greater than that of slip. 

2. The ampere-conductors per slot are different at different 
points of the circumference. 

Since in practice it is not convenient to make the slots of different 
sizes, they must be of a size to accommodate the maximum ampere- 
conductors required, and this involves some of them being only 
partially filled. It is well known that, if a cascade set of two 
machines be brought up to the synchronous speed of the primary 
machine, it will continue to operate and carry load at that 
speed, the second machine, which now receives only slip frequency, 
merely acting as an impedance, with some self-induction, in the 
secondary of the first In the case of the internal cascade motor, 
m which the currents corresponding to the second motor circulate 
in the windings of the first, and this second motor has no actual 
independent existence this possibility receives its full development 
because at slip frequency the secondary E.M.F. is chiefly consumed 
by resistance. There is, therefore, little occasion for any secondary 
flux to be generated, and, consequently, the secondary machine 
does not act appreciably as an impedance in the secondary of the 
primary machine. Of course, since all the slots are not filled, such 
a winding will not give the same torque as one of normal type. 
The problem, therefore, is to cause the motor to change from cascade 
speed to one of the basic speeds, and it will not do this unless some 
further means are adopted. What we require, in order to do this, 
is some means of stopping the rotation of the fluxes with respect 
to the rotor. One effective means of doing this is to apply another 
winding quite independent of the cascade winding which, when it 
is short-circuited through slip-rings, will stop the rotations of the 
fluxes with respect to the secondary member. Winding (4) (Fig. 127) 
illustrates this method. Another method is to introduce further 
connections into the existing cascade winding, thereby producing 
further closed circuits which will no longer be equal in number to 
the sum of the numbers of pairs of poles of both fields. Winding (5) 
(Fig. 128) is an example of this. 

In certain cases, as, for instance, in Hunt's star-mesh wdnding, 

137 
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good results may be obtained by what is in effect a combination of 
both these methods, while in others it is necessary to use them 
separately. One convenient way of combining the two methods 
which is sometimes applicable, is to close each ]')hase of the cascade 
winding through a phase of the auxiliary winding, instead of short- 
circuiting it. We have already described tlu^ Hunt star-mesh 
(Fig. 110), To apply to this winding the two distinct methods 
described above, in this manner, we should connect the upper 
bars in slots 3, 7. and 11 to the junction points of sections 2 and 
4, 6 and 8, 10 and 12, and short-circuit the lower l>ars of these three 
sections, thereby bringing about the closing of the reciuin^l circuits 
with only three slip-rings. Let us consider tlu‘ nature* of tlu* winding 



so produced (Fig, 111), and similarly for any incr(‘ase<l number of 
phases. 

The diagram showing the circuits in skc‘]c*ton form (b'lg. 11 U 
indicates that there arc 6 circuits, each of the star nu‘mbc*rs of the 
winding being common to two of these circuits. With 4 poles tlu* 
mesh-connected or even-numbered coils will difier ni phase by 120’'. 
and with 2 poles by The current in the star-conn(‘cted coils, 

being the resultant of that in the two-niesh-connectt*d coils betwec'u 
which it lies, will in the case of 4 poles be eqxial to that in the mesh- 
connected coils, and in the case of 2 pol(\s will Ix^ 1-732 t‘mes as 
great. Fig. Ill shows a 12-slot winding fully drawn out similar 
to Hunt’s Fig. 7, one complete circuit of the six whitdi exist when 
the slip-rings are short-circuite<l being shown in heavy liiu*s. In 
Fig. 110, for the sake of comparison, the same winding is shown as 
operating on cascade, the three circuits of which it is essentially 
composed being shown by three different types of line. It will lx* 
seen that every star coil is common to two circuits. 

We have hitherto dealt chiefly with windings having three phases, 
largely in order to enable us to compare our results with those of 
Hunt. We shall now describe a number of windings adapted for, say, 
5 phases, both for the sake of variety and because windings having 
a higher number of phases lead to a very important generalization 
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already alluded to above, whereby we are enabled to obtain a 
greater number of speeds in the cascade motor. In connection with 
these 5-phase windings, the most appropriate method of obtaining 
the basic numbers of poles will be described. Diagrams will also 
be given of the vector polygon for each winding, showing how nearly 
this polygon approximates to the ideal curve. 

We have seen that any winding having the appropriate number 
of phases is compatible with the existence of two fluxes of the 
numbers of poles given by the rule above stated, and that one of 
the chief characteristics in 


such a winding must be the 
variation of the ampere- 
conductors per slot from 
point to point round the 
circumference, the number 
of maxima and minima 
being equal to the number 
of phases. We have already 
seen that the number of 
phases required is equal to 
the sum of the numbers of 
pairs of poles in the two 
fields. A single-phase wind- 
ing for pairs of 

poles is a winding having 



the requisite character- 


Fig 112 


istics, i.e. consisting of 

{ni + n) sections capable of being the seat of a balanced system of 
(;h + 7^) -phase currents, and also having {fn + }i) maxima and 
minima. Every phase will be repeated twice to comply with Hunt’s 


rule for magnetic balance Such a single-phase winding is shown in 


Fig. 106 (c). 

Clearly the phase difference between adjacent sections on {m + 


pairs of poles will be + ^ ^ ” 180° (since when 

repeated twice there will be 2{m + n) sections), which proves the 
winding to be single-phase. The phases of the cascade winding may 
be connected in many ways, either in star or mesh, or short-circuited 


independently on themselves. A convenient standard arrangement 
which may be used for many windings is connected in star, and if 
alternate terminals are joined to each single-phase terminal (as 
Tx and 1\,, Fig. 112) they form a parallel type single-phase winding 
with (m + n) local circuits, in which the single-phase currents will 
flow from each terminal throf'gh the star to the next. This is 
shown by the odd-numbered coils of Fig. 112, as connected to rings 
1 and 2. Such a single-phase winding forms a convenient starting 
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point in developing various types of cascade winding. We shall 
illustrate these for the case of 4 and 6 pairs of poles throughout, 
but it will be clear that the same princij:)les are applicable to any 
other combination of poles modified for cascade work. 

It will now be desirable to descrilxj a number of windings adapted 
for cascade working, and also how the}' may he modi lied to enable 
them to operate on any of the basic number of poles. 

Winding (1). Of the various of winding described in the 

present paper the following is one of th(' most interesting and 



(dj @) (^) (^ (%) 

(O 

Fig. 113 

important, and we shall, therefore, devote considi^rabk^ space to it. 
It is shown in Fig. 113(a) and described in cUdail b(4ow. The 
distribution of amporc-conductoi's produced by it is su]K‘r])osc‘(l on 
the ideal curve of Fig, 114 (a and h), showing' that tlu^ approxima- 
tion is quite as close as in any of the inachint^s as describi'd and 
built by Hunt; In this connection, as a i>reliminary steip, a some- 
what clearer and simpler form of connection diagram is desirable. 
Hunt usually denotes a single section (which may in practice consist 
of one or several coils in series) in a 2-layer drum winding by two 
small circles, one in the top and one in the bottom layers, joined 
by a curved line. It serves considerably to clarify the diagram, in 
the author's opinion, if we merely join these circles by a straight 
line as short as convenient, and distinguish the lower layer by 
using a blackened instead of a plain circle (see Fig. 115). The 
symbols formed in this way may be numbered successively round 
the circumference ■ in order to show their relative position in the 
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Fig. 114& 
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winding, and interconnected to form a key diagram (sec Fig. 116), 
of which {a) is identical with Fig. 110, and {h) with Fig. 113 («), 
Consider any point where three sections are joined tt)gc^ther, say. 
12, 1, and 2 (Fig. 116). Suppose in the lirst place that the same 
currents flow in the same directions in 12 ami 2. 'Jlien, from the 
connection of the circuits, it is clear that their arithmetical sum will 
flow in section 1. If, however, these currents art‘ disj'^laced in })hase 
by an angle 0, then their resultant or vector sum will ilow^ in sec- 
tion 1, The resultant (not difference) of two unit curr(*nts making 



an angle 0 is 2 sin ^(180- 0). Calling the currents in 12 and 2 the 
mesh currents, and that in 1 the star current, we have 

star current 2 sin ^(180 - 0) X nu^sh curn'iit. 

Applying this to the case in which sections 12 and 2 are 120'* out 
of phase, we get the familiar rCvSult 

star current == 2 .sin 60*' X mesh current. 

The winding shown in Figs. 116 (b) or 24 {u) is made up of units 
consisting of two coils in series reversed, 10 units of this character 
being connected in mesh instead of in star. Numbering the ttirns 
in the different slots from 1 to 20, we note that all the even-num- 
bered coils are connected in mesh, alternate ones being mutually 
reversed, thus the turn lying in slots 1 and 4 is connected in series 
with that lying in slots 3 and 6 by a connection between the lower 
conductors of slots 4 and 6. which has the effect of causing mutual 
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reversal of the two turns. The turn in slots 3 and 6 is again con- 
nected in series with that in slots 5 and 8 by a connection between 
the upper conductors of slots 3 and 5, and so on. In this way all 
the even-numbered coils are connected. Of the odd-numbered 
coils, only those whose number, deducting 1 , is divisible by four are 
connected to the two even-numbered 
coils between each of which such coils lie. 

The upper bar of such odd-numbered 
coils is connected to the junction of the 
two lower bars of the two coils between 
which it lies. 

The winding of Fig, 113 (^) as arranged 
to fill 20 slots, contains five closed 
circuits as shown in Fig. 116 {b). For 
instance, the five circuits contain sections 
1, 2, 4, 5 ; 5, 6, 8, 9 ; 9, 10, 12, 13 ; 13, 14, 

16, 17 ; 17, 18, 20, 1. These five circuits are evidently distributed 
evenly round, the circumference, and each carries one phase of a 
balanced 5-phase system of currents. A 5-phase system is capable 
of two orders among its phases, viz. 0°, 72°, 144°, 216°, 288°, and 
0°, 144°, 288°, 72°, 216°, and these two orders give rise to two 
distinct cases, both of which we must study. Five of the sections 



TA/3 symbol y?7€d>/7S 
<2 ty/nd/ng; €£3 ad A 


Fig 115 



— the star sections — are each common to two of the closed circuits, 
and if we consider that the positive direction of circulation of all 
the currents round the closed circuits is clockwise, the current of 
one section will be flowing inward when that of the next (say, 72° 
displaced) is flowing outward. The difference between a vector at 
0° and another equal to it at 72° wiU be 2 sin 36° = 1T7. If the 
vectors had been at an angle of 144° we should have had 2 sin 72° 
— 1-9 ; or if they had been at 120°, 2 sin 60° = 1*732. This shows 
that if the phase difference between adjacent circuits is 72° (the 
2- and 8-pole cases) the star current will be 1*17 times the mesh 
current, while if it be 144° (the 4- and 6-pole cases) it will be T9 
times the mesh current. In Hunt's case the ratio is 1-732. 
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Drawing out the 20-sl()t winding for each of the two cases as 
in Fig. 113 (&), choose live equally space<l bars, sa^’-, the top bars 
in slots 5, 9, 13, 17, 1, and mark them with angles, say, 0^, 72'", 
144'", 216“", 288“". The connections of the winding now enable us to 
mark the angles corresponding to all the other bars. For instance, 
the top bar in slot 3 and the bottom bar in slot 8 must be opposite 
in phase to the top bar in slot 5, and similarly for other bars bearing 
the same relation to the remaining bars aln^ad\^ marked. The 
bottom bar in slot 6 must also be opposite in phase to the top bar 
in slot 3, and similarly for corresponding bars. We have now 
marked all but the star bars. From the way these are connected, 
it is clear that the bottom bar in slot 9 is int(‘rmediatc in phase 
between the bottom bars in slots 8 and 10, since it canies the sum 
of two equal currents flowing in these two bars. Wo accordingly 
mark it 126“" = 4(72“" + 180°), and similarly for corresj)onding bars. 
The top bar in slot 2 must be opposite in phasi^ to this, and so on 
similarly. 

In Fig. 113 {a) an angle of 144° has been substituted for 72 ’, the 
marking being othei'wise carried out in the same way. 

Having prepared the marked diagrams, w'c next draw two circles 
of relative radii corresponding to the currents in tlu^ me.sh and star 
bars respectively, calculated as above from the phast^s of the sec- 
tions, and divide both into as many parts as may he nect\ssary to 
give us all the angles we require (20 in this case). Take the “ mesh 
circle (the inner one as a rule) ; at the point corresponding to the 
angle with which a bar is marked insert the slot iiiunber of that bar. 
For instance, if a bar in slot 1 is marked O'" we mark the number 
1 opposite the point on the circle we have chosen to r(']>resent 0°. 
Having marked all the slot numbers cari'ying mesh bars in this way, 
we do the same on the other circle for the star bars. We then draw 
the vector sum of all vectors drawn from the centre to either of 
the circles and marked with the same slot nxnnber, and mark its 
extremity with that slot number, which is the I't'sultant value of 
the ampere-conductors per slot. In this way we construct onc‘ 
point corresponding to each .slot. Joining tlu‘S(^ points in order, 
we get Figs. 114^ and ll4b, the former re])rosenting the onU^r 0°, 
144°, 288°, and the latter the order 0°, 72°, 144°. 

We have described in detail how the ideal curve is drawn ; there- 
fore it is only necessary now to point out how the radii of the 
oppositely revolving vectors of this curve may be obtained from 
the polygonal diagram correspondiiig to a finite number of slots. 
To do this draw circles tangential to the polygon both internally 
and externally. The maximum of the nearest ideal curve will be 
slightly greater than the radius of the outer circle, and the mini- 
mum slightly less than that of the inner— how much can only be 
estimated. We have already seen that the maximum value of the 
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ideal curve was equal to the arithmetical sum of the oppositely 
revolving vectors and its minimum to their arithmetical difference, 
so they can be calculated from these data. It may be worth men- 
tioning also that the side of the polygon between two angles marked 
with two neighbouring slot numbers represents in magnitude and 
phase the magnetomotive force acting in the tooth between the two 
given slots. As will be seen, the approximation on 2 and 8 pairs 
of poles (Fig. WAh) is quite as close as on 4 and 6 pairs of poles 
(Fig. 114^), which proves from another standpoint that the same 
winding can operate with both pair of fields. 

In Fig. 113 (c) the phases of the currents in all conductors with a 
winding short-circuited in a suitable manner such as that described 
above, operating on 8 poles, are shown. These phases are arrived 
at by attributing to conductors spaced apart by one-tenth of the 
circumference phases differing by 144°, when the connections of 
the winding enable us to determine the phases of all the other 
conductors. Averaging the phase of the two conductors in each 
slot, we find that they differ uniformly by 108°, and, hence, the 
winding is quite satisfactory as an 8-pole winding. 

Winding (2). In order to complete the description of the secondary 
windings it will now be desirable to describe a winding adapted for 
the case of 2 and 6 poles, which depends on the new rule worked 
out above as regards magnetic balance. 

Working out the number of phases corresponding to this case 
from the rule given above, we find that the winding must be adapted 
for four phases. It has been pointed out that any of the windings 
described above may be adapted for any other number of phases, 
and, hence, the 5-phase windings previously described may be 
reduced to 4-phase windings by omitting one-fifth of their con- 
ductors. For instance, windings described for five phases in 40 
slots may also be arranged for four phases in 32 slots, the pitch of 
the coils, etc., remaining the same. Just as in the winding for 
40 slots, each of the five phases was repeated twice and the winding 
was, therefore, adapted for 4 and 6 pairs of poles, so in a 32-slot 
winding each of the four phases would be repeated twice, and the 
winding would be adapted for 2 and 6 pairs of poles. But in the 
cases we are now studying this is not necessary, as a winding for 
1 and 3 pairs of poles is magnetically balanced, unlike a winding 
for 2 and 3 pairs of poles. Hence, one half of the 32-slot winding 
can be omitted, and an adequate 4-phase winding could be wound 
for 16 slots only. 

On working out the diagram of ampere-conductors for this wind- 
ing it wdll be found quite as close to the ideal curve as that of any 
of the other windings. It is shown superposed on the ideal curve 
in Fig, 117. 

Winding 3. Take a winding having 60 slots containing numbers 


lo- (5510) 




Fig. 119 
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of conductors varying from 1 to 3, having the phase shown in the 
annexed table, and all carrying equal currents. Only one-half of 
this winding need be considered (slots 1 to 30) since the remainder 
merely repeats it for the sake of magnetic balance. Connecting in 
series all conductors having opposite phases, such as 0® and 180°, 
it will be found that this winding is in the main a single-phase 
concentric winding arranged for five pairs of poles (see Fig. 118) 
(the sum of two and three pairs of poles) all the poles of which 
may be short-circuited on themselves (although diametrically 
opposite coils may be placed in series) so that they may carry 
currents in the different phases required by the given combination 
of pole numbers. If the resultant ampere-conductors of this wind- 
ing be set out as a vector diagram (Fig. 119) it will be seen that a 
5-lobed curve is generated, which is very close indeed to the ideal 
curve already drawn (Fig. 114^). All these phases may be indepen- 
dently short-circuited or preferably connected in star, alternate ones 
being connected to each single-phase terminal, as described above 
in connection with Fig. 112, when they form a 10-pole single-phase 

PHASE OF CONDUCTORS 


Slot 

Top 

Middle 

Bottom 

1 

31 

0 

0 

36 

2 

32 

0 

0 



3 

33 

288 





4 

34 

252 

— 

— 

5 

35 

180 

180 

— 

6 

36 

180 

180 

144 

7 

37 

144 

144 

180 

8 

38 

144 

144 

180 

9 

39 

72 

— 

— 

10 

40 

336 

— 



11 

41 

324 

324 

— 

12 

42 

324 

324 

288 

13 

43 

288 

288 

324 

14 

44 

288 

288 

— 

15 

45 

216 

— 

— 

16 

46 

180 

— 

— 

17 

47 

108 

108 

— 

18 

48 

108 

108 

72 

19 

49 

72 

72 

108 

20 

50 

72 

72 

— 

21 

51 

0 

— 

— 

22 

52 

324 

— 

— 

23 

53 

252 

252 

— 

24 

54 

252 

252 

216 

25 

55 

216 

216 

252 

26 

56 

216 

216 

— 

27 

57 

144 

— 

— 

28 

58 

108 

— 

— 

29 

59 

36 

36 

— 

30 

60 

36 

0 
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winding of the type mentioned above. The two single-phase 
terminals will be short-circuited w'^hen the winding is being used 
as a cascade, and, as mentioned above, the diagram only shows 
one-half of it occupying 30 slots, since the otluT half is exactly 
similar. It will be desirable, before terminating the description of 
this winding, to explain how it can be ada]>te<l to act on either of 
the basic numbers of poles. It is clear from the table that there 
is room in the slots for another almost (‘xactly similar winding which, 
since the original winding is practically a single-phast‘ concentric 
winding for 10 poles, makes altogether a 2-phase 10-pole concentric 
winding. Such a winding has 20 .sections, each of which is short- 
circuited on itself. Now the phase difference^ between 20 ecpially 
spaced sections on 12 poles, say, will be (3(->() x 6)/20 ~ 108 ', and 



currents having this phase difference will circulate in adjact^nt sec- 
tions if these are independently short-circuited. 

In many types of standard polyphase rotor the jdiase difference 
between adjacent sections is 120'', and, hence, a pluise diflereiux^ 
of 108*^ is clearly not too great. The same argument applies cvc‘n 
more strongly to the case of 8 poles, (dearly the 10 j[>arall(^ls of tlu^ 
second phase winding cannot be permaiumtly joined up, as they 
would prevent the operation of the machine on cascade speed. 
Diametrically opposite coils of the second star-connected winding 
may, however, be permanently connected in xniralkd, for instance, 
terminals T^ to T^ 112), where the even-numbered coils repre- 

sent the extra winding, and five sli]>-rings arc^ used to make the 
other parallel connections when required. Fig. 119 shows the 
vector polygon corresponding to this winding. It will bo iieen that 
it is remarkably close to the ideal cixrve shown for tlu^ case of five 
phases in Fig. 114^i:. This winding is cleai'ly a generalization to 
five phases of the winding shown in Fig. 108. 

Winding 4. Another convenient winding for the same ]nirpose is 
a two-coil-per-slot drum wiiading having 40 slots (see Fig. 120). 
A winding having a pitch one to four is wound in these slots, two 
full and two blank coming alternately, if we consider the upper 
conductors only. The winding is divided into 10 units, each unit 
being made up as follows. The turn consisting of the upper conductor 
of slot 1, and the lower of slot 4 is connected in series reversed with 
the turn consisting of the upper conductor of slot 4, and the lower 
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of slot 7 by a connection between the lower conductors of slots 4 
and 7. Ten circuits similar to this are formed, having their initial con- 
ductors in slots 1, 5, 9, 13, 17, 21, 25, 29, 33, and 37. These 10 cir- 
cuits are connected in star, for instance, alternate ones being joined 
to the two single-phase terminals, T-^ and T^ in the diagram, these 
being short-circuited when the winding is used on cascade. To enable 
this winding to operate on its basic numbers of poles of 8 and 12, 
the first method described above may be used, viz. that of a second 
winding in the empty slots, in order to prevent rotation of the two 
fields with respect to the rotor. This can clearly be done, the wind- 
ing being joined in star similar to the cascade winding, diametrically 
opposite coils being connected permanently together and five slip- 
rings being used to short-circuit the five circuits thereby obtained, 
as in Fig. 112. 

Fig. 120 shows this winding, the circles denoting the individual 
conductors, the straight lines the connections between them, and 
the figures inscribed in the circles the phases of the currents in each 
conductor. The conductors joined up by the connections shown 
represent the cascade winding, and those not joined by connections 
the extra winding for stopping the rotation of the fields with respect 
to the rotor. Clearly, since the cascade winding is unaltered, whether 
we are running at the cascade speed or any other speed, the relative 
phases of the currents in it will not vary. 

The phases of the currents in the different conductors may be 
obtained as follows — 

The 10 units of which the winding is composed carry 5-phase 
currents, as has been pointed out, diametrically opposite units being 
in phase. Hence, if we mark the conductors in the slots 1, 5, etc., 
mentioned above with phase 0°, 144°, 288°, 216°, and 72°, in order, 
the connections of the circuit will enable us to obtain the phases 
of all the other conductors. For instance, if the top conductor in 
slot 1 has phase 0°, the lower conductor m slot 4 must have phase 
180°, the lower conductor in slot 7 must have phase 0°, while the 
upper conductor in slot 4 must also have phase 180°. As regards 
the extra winding, the phases of this will be intermediate between 
those of the cascade winding. Its initial conductors will lie in slots 
3, 7, 11, etc., and these should, therefore, be marked with phase 
72°, 252°, and so on, when the same process as before enables us 
to get the phases of the other conductors. Having done this we may 
mark below each slot, which, of course, contains two conductors, 
the average phase of the two, and it will be found that the average 
phase of the conductors per slot will vary uniformly round the 
circumference, the phase difference between adjacent slots being 
(360 X 4)/40 = 36°, and thus the winding is a uniform 8-pole 
winding. This process may also be repeated on 12 poles, giving an 
exactly similar result. 



150 THEORY AND DESIGN OF ELECI'RIC MACHINES 


The best way to prevent the rotation of the fields with respect 
winding is to insert entirely distinct windings in the empty 
slots, this second winding being connected up and short-circuited 
precisely like the first, when the machine is running on its basic 
pole speeds. 

Winding 5. This winding is a variation of winding (4), having 
double the number of conductors, and is formed by connecting the 
following pairs in series to form a unit in a manner similar to that 
previously described. The turn consisting of the upper conductor 
of slot 1 and the lower of slot 4 is connected directly in series with 
that consisting of the upper of slot 2 and the lower of slot 5. The 



Fig. 121 




Fig. 122 

lower of slot 4 is connected to the lower of slot 7, and the turn con- 
sisting of the lower of slot 7 and the upper of slot 4 is connected 
directly in series with that consisting of the lower of slot 6 and the 
upper of slot 3. There will thus be eight conductors in series instead 
of four, and all the slots are now filled by a winding consisting of 
pairs of coils alternately reversed as described above. In this case 
the number of conductors does not vary from slot to slot, the varia- 
tion of ampere-conductors being due to the varying phase difference 
between the upper and lower conductors in any slot, the currents 
in the conductors in some slots being nearly in phase and in others 
widely out of phase. 

Assuming that conductors differing in position by one-tenth of 
the circumference are 144° out of phase, as before, the connections 
of the winding enable us to fill in the phases of all the other con- 
ductors. and we can readily draw the vector diagram of resultant 
ampere-conductors, which will be found to be very close to the ideal 
curve. It may be connected in exactly the same way as winding (4), 
but is shown in Fig. 121 with both terminals of every set of 8 
conductors joined to a common point. 

Since with this winding all the slots are full, obviously a second 
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winding cannot be used to get the basic speeds, and the second 
method described above must be employed, namely, that of pro- 
ducing short circuits between parts of the cascade winding. Each 
unit of this winding consists of two turns in series connected in 
opposition to another pair of turns in series, the whole four turns 



then being short-circuited. Introducing a short circuit between the 
first pair of turns and the second pair of turns, i.e. joining Sj, So, 
Sg, S 4 , S 5 to the common star-point, or even to one another, we have 
what is required, and when this has been done every pair of turns 
on the winding is short-circuited independently. By connecting 


e 
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opposite sections together permanently, this also involves 5 slip- 
rings. There will now be, as in winding (4) 20 sections each indepen- 
dently short-circuited, and, for the same reason as already men- 
tioned, this is sufficient to make a satisfactory 8 - or 12 -pole winding. 
The diagrammatic scheme of the winding is shown in Fig. 123. 

Fig. 122 shows the phases of the conductors in all the slots 
when the winding is operating on 8 poles, whilst Fig. 124 shows the 
vector diagram corresponding to this winding for the case of three 
phases. The winding for the 3 -phase case is shown in Fig. 125. 



CHAPTER XVII 

STATOR WINDINGS 

It is necessary now for the sake of completeness to describe stator 
windings corresponding to, and capable of use with, the rotor 
windings already described. In the case of a machine having a 
single pair of fields, that is, having only two distinct numbers of 
poles, it is always possible to use two distinct windings. 

It may be shown without difficulty that any number of sections 
equally spaced round the circumference of a machine will have 
induced in them a balanced system of polyphase E.M.F.'s on any 
number of pairs of poles, which is not a multiple of the number of 
sections. Hence, if all these sections are connected in series, the 
sum of the E.M.F.'s will be zero. Thus, to obtain two mutually 
non-inductive windings for different numbers of poles, all that is 
necessary in general is to arrange them, say, in star, devoid of 
parallel circuits, and then, with a few exceptions, practically confined 
to cases where one number of poles is a direct multiple of the other, 
they will be quite mutually non-inductive. 

The advantage of a single winding is, of course, very great, and 
it is desirable, therefore, to describe how such a single winding may 
be used in several of the cases described above. In particular, 
where it is desired to use two or more pairs of basic numbers of 
poles requiring primary windings having three or more speeds, it 
would often be very inconvenient to use distinct windings for all 
these numbers of poles. 

Let us confine ourselves firstly to the Hunt type of magnetically 
balanced machine, in which the primary and secondary numbers of 
pairs of poles, when divided by their greatest common factor, give 
in one case an even, and in the other an odd, number as quotient. 
Consider four sections arranged equidistantly round the circum- 
ference, which we may refer to as a, b, c, and d (see Fig. 126), and 
consider the phase differences between them on different numbers 
of poles. These are shown in the table below. 


No. of Poles 

Section 


b 

c 

d 

4 

0 

180 

0 

ISO 

8 

0 

0 

0 

0 

12 


180 

0 

ISO 

16 

0 

0 

0 

i 

0 
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We have here chosen the numbers of poles corresponding to the 
rotor winding having 5 phases, which has been fully described above, 
as by describing this winding we complete the description of the 
cascade machine having these characteristics. Connect the four 
sections ay b, c d, follows — 

A in series with b and d in series with c. The pairs ab and dc 
are now connected in parallel to form a closed circuit, in which 
the beginning of section a is connected to the beginning of section 
dy and the end of section h to the end of section c. Four terminals 
are now brought out from the junction points of 
each pair of sections. Such a closed circuit we 
may call a Hunt unit, and it has the following 
properties, which may be verified by reference to 
the table on previous page. With 8 and 16 poles, 
sections a and b are in phase and likewise sections 
c and dy hence the E.M.F/s in a and b are added 
arithmetically, and their sums are exactly equal 
to the sum of those in c and d. With 4 and 12 Fig. 126 

poles, a and b will be opposite in phase and 
likewise c and d, and, consequently, the E.M F.'s round the closed 
circuit will be zero. Let us number the terminals as follows — 

Terminal 1 between sections a and d, 
yy 2 ,, yy a and 6. 

,, 3 ,, yy b and c, 

,, 4 ,, ,1 c and d. 

If now we connect terminals 1 and 3 in series with the line, and 
a resistance across terminals c and dy the primary currents for 8 
and 16 poles will flow between 1 and 3, and for the secondary cur- 
rents between 2 and 4. If we wish to make 4 and 12 the numbers 
of primary poles, we must cause the primary currents to flow 
between terminals 2 and 4. Tracing the circuits between 2 and 4 
we note that h and c form one branch and a and d the other, these 
being connected in series and opposition. It will be seen from the 
table that sections b and c are opposite in phase on 4 and 12 poles, 
and, hence, their E.M.F/s will be added if these two sections are 
connected in opposition. For the same reason as described previ- 
ously, secondary currents capable of producing an 8- and 16-pole 
field will not circulate round the closed circuit, but can only flow 
between terminals 1 and 3. 

Hence, if we can build up a winding adapted for, say, 8, 12, and 
16 poles (neglecting the case of 14 poles which will be seldom 
required) out of these units we shall have a winding which will 
answer the required purpose. To do this we require a winding 
containing at least 24 sections, giving rise to six Hunt units (see 
Fig. 127), In 3 ucb ^ winding, between sections a and b of any given 
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unit, that is, any two neighbouring sections, there will be sections 
belonging to five other units, making six in all. We may call 
these units one to six, numbering them in order from section a of 



(a) 

Fig. 127 



Fig. 128 

unit 1 to section b of the same unit. Unit 1 is thus the unit con- 
taining section 1. 

To connect these six units for 16 poles we may connect units 1 
and 4, 2 and 6, 3 and 6 in series, and these three sets in mesh. To 
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obtain 8 poles connect units 1 and 4, 2 and 5, 3 and 6 in parallel and 
connect these pairs in star. To obtain 12 poles connect units 1, 3, 
and 5 in series, and 2, 4, and 6 in series. Connect units 2, 4, and 6 
between one line and the central point of an auto-transformer 
connected across the other two lines. Connect units 1, 3, and 5 
across tappings on the same auto-transformer adapted to give a 
voltage 0*866 times the line voltage. Care must, of course, be 
taken, as has been done in Fig. 128, to see that the 
North and South poles of each phase on all numbers 
of poles are in correct sequence. 

We now come to the new type of magnetically 
balanced machine in which both the numbers of pairs 
of poles are odd, and we shall describe the case of 2 
and 6 poles, as this is one of the most important 
practically. In the case of 2 and 6 poles, opposite 
sections will be opposite in phase, -on both the primary 
and secondary numbers of poles (we here assume that 
the primary number of poles is 6), and, therefore, the Hunt winding 
is inapplicable, but it is possible to make the sum of the secondary 
E.M.F/s equal to zero round the local circuits by methods other 
than those used by Hunt, 

To form one branch of the circuit, let us take three instead of 
two equally spaced sections in series. On 6 poles all these three 
sections will be in phase, and the three E.M.F.'s will consequently 
be added arithmetically (see Fig. 129). On 2 poles they will have 
phases 0°, 120®, and 240°, and the sum of their E.M.F.’s 
will, therefore, be zero, as shown in Fig. 130. 

Circuits, therefore, made up of any number of 
branches, each consisting of three equally spaced sec- 
tions, will have zero E.M.F. round them on 2 poles, and 
Fig. 130 can be used as branches of a primary circuit on 6 poles. 

In order to obtain a winding which can act satis- 
factorily as a secondary on 2 poles, it is necessary to have three 
such circuits in parallel, and this may at first sight give rise to 
difficulty. 

A satisfactory winding may, however, be constructed as follows, 
54 sections, each of which may conveniently occupy one slot, being 
required. In the table (page 157) are shown the phases of these 54 
sections both on 2 poles and on 6 poles, each phase of the 6-pole 
winding being constructed from 18 of these sections, 6 sections in 
each branch of a three parallel winding. Each of these 6 sections 
forms a complete 6-pole winding in itself, being connected in the 
order shown in Fig. 131 , in which is also shown the primary terminals 
A and B, and the secondary terminals C^, Cg, Cg, and D.^. 

Between the junction point A, and C^, Cq, Cg, each branch consists 
of two diametrically opposite sections in series connected in 




B 

Fig. 129 
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opposition so that their voltages add on both the 2 -pole and 6 -pole 
circuits. The three branches are exactly equally spaced round the 
circumference, so that C^, C^, C 3 are precisely equi-potential on 
6 poles. On 2 poles, however, the three branches form a balanced 
3 -phase circuit, which fulfils the condition that the sum of the 
currents measured towards a junction point such as A shall be 

zero. The sections between C^, Cg, and 
D^, 2 ) 3 , and between 2 >i, 2 )^, Dg, and 
B are arranged among themselves in a 
precisely similar way. 

Now consider the sections in any one 
branch ; sections 54 and 27 reversed 
give phase 0° on 2 poles ; sections 19 
and 46 reversed give nearly phase 120 "^, 
in fact, 126§° ; sections 38 and 1 1 reversed 
give nearly 240°, in fact, 253 §°. By the 
use of overlapping sections, several 
sections being wound into one slot, 
these slight variations in phase angle 
can be avoided. But, as will be seen 
directly, this complication would not be 
justified. If we take the sum of three 
equal vectors having the exact phase 
angles mentioned above (see Fig. 132), 
it will not be precisely zero, but will 
nevertheless be only about 6 per cent of 
the E.M.F. across any branch, say, from 
A to B. 

Consider how a cascade motor having 
this primary winding will operate when 
Cl, C 2 , Cg, Dj, Z> 2 > 2>3 are short-circuited. 
Since they are exactly equi-potential points with respect to the 6 -polc 
E.M.F.'s, no effect will be produced on the 6 -pole primary currents. 
Each of the three local secondary circuits is exactly balanced within 
itself, and no currents from the one need be closed through any of 
the others. Hence, both as a primary and as a secondary winding, it 
is quite as effective as any of the windings described by Hunt. 
During the starting period only, when C^, Cg, Cg, Dj, Dg, Dg are open, 
there will be a residual 3-phase E.M.F. of about 6 per cent the 
magnitude of that in the circuit between A and B, thus causing an 
induced current to flow round the closed circuit between A and 
B, having a resistance three times that of the local circuits between 
A and C^, Cg, Cg. This residual current, therefore, will be fully 
effective in producing starting torque. When we commence to 
close the rheostats further, a much larger current will begin to flow 
through the circuit so established, and a powerful starting torque 
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is produced until, when they are completely short-circuited, the 
motor operates as above. The effect of this residual current is not 
serious, and may be further diminished by connecting only corre- 
sponding branches together, forming thereby three star points 
instead of one, and connecting an additional rheostat in circuit with 
them. 

Were it not for the desirability of giving resistance starting in 
many cases, a much simpler type of cascade winding for a 2- and 
6-pole motor might be employed, making use of only 18 sections, 
i.e. 6 per phase, each containing three parallels, and each branch of 




Fig 133 


the parallels consisting of two diametrically opposite sections con- 
nected in series and opposition. With 2 poles the three parallels 
in any one phase form a balanced 3-phase circuit short-circuited 
on itself, while with 6 poles it is one phase of a normal 3-phase 
winding. Its precise arrangement is shown in Fig. 133. For many 
two-speed motors, which do not require heavy starting torque, this 
winding may be preferable to the former one. 

Alternate sections in series are relatively reversed, as shown in 
Fig. 129, so that, although sections 54 and 27, for instance, are shown 
in the table as having phases 0 ° and 180°, the E.M F.'s in these 
sections are arithmetically added owing to the manner of connection. 


Section 

Phase 

Sec- 

tion 

Phase 

Sec- 

tion 

1 

Phase 

Two Poles 

Six Poles 

i 

Two Poles 

1 

Six Poles 

Two Poles 

Six Poles 

Terminal A 



A 



A 



54 

0° 

0® 

18 

120® 

0® 

36 

240® 

0® 

27 

180“ 

180® 

45 

300® 

180® 

9 

60® 

180® 

Terminal Ci 



Cl 



Cs 



19 

126§“ 

20® 

37 

2461® 

20® 

1 

eg® 

20® 

46 

306f“ 

200® 

10 

66|® 

200® 

28 

1868® ! 

200® 

Terminal Di 



Ds 






38 

253it® 

40® ! 

2 

13J® 

40® 

20® 

133J® 

40® 

11 

73i“ 

220® 

29 

193J® 

220® 

47 

313J® 

220® 

Terminal B 



B 



B 





CHAPTER XVIII 

BRIEF DESCRIPTION OF VARIOUS CASCADE MACHINES 

Many different types of internal cascade machines have already 
been described. In such machines the secondary winding is not 
connected to the line, and when the machine is intended to run at 
the cascade speed only, the secondary winding may be permanently 
short-circuited. The primary winding carrying the line currents, 
which is also arranged to carry circulating currents of low frequency, 
is commonly connected in two or more parallels. This primary 
winding produces what may be called the primary flux, having a 
number of poles which may be called the primary pole number. 

Such a machine in the case where the pole numbers are in the 
ratio of 2 : 1, and where there are two parallels in the stator wind- 
ing, may be adapted to s 3 mchronous working for the purpose of 
improving its power factor in the following manner — 

A suitable portion of the windings of one phase, containing half 
the conductors of that phase, may be connected to corresponding 
portions of the other phases in a star-point ; the remainder of the 
windings in that phase may be connected to the remaining con- 
ductors in the other phases in a second star-point. A constant 
potential difference may be maintained between the two star- 
points thus formed, by means of a separate exciter, direct-coupled 
to the main machine or driven in any other suitable manner. A 
direct current, therefore, flows in at one of the star-points, circu- 
lates round the windings, and returns through the other star-point, 
producing what may be called the secondary field having half (or 
sometimes double) the primary number of poles. When a cascade- 
wound secondary member is placed inside a primary excited in 
this manner, it will run s 3 mchronously at its cascade speed and 
have all the properties of a synchronous motor, while, in addition, 
it may be used as a synchronous generator. 

Such a machine is started as an induction motor by well-known 
means, and the synchronizing switch is closed when the machine 
reaches s 3 mchronous speed as nearly as may be judged, whereupon 
it will become synchronized and operate as already described. 

Fig. 134 shows a synchronous cascade type of motor such as is 
already known, in which the necessity for the use of a separate 
exciter is avoided. 

A second winding B, similar to that of a direct-current armature 
and attached to a commutator, is fitted to the rotor in addition to 
the permanently short-circuited cascade secondary winding A, 
already referred to. 
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In Fig. 134, the two distinct windings on the cascade secondary 
members are shown by the reference letters A and B, while the 
two star-connected portions of the primar}'' winding, each contain- 
ing half the conductors, are referred to as C and D, The commuta- 
tor is indicated at E, and the brushes at FF, It will be seen that 
the commutator is connected between the two star-points of the 
windings C and D. 

The operation of Fig. 134 will be described, for the sake of brevity, 
as if the primary flux were arranged for 4 poles and the secondary 
for 2 poles. 

In order to prevent any induction from the flux due to the 
primary currents, which we may call for brevity the 4-pole flux. 



the pitch of the coils of this second winding may be conveniently 
taken at twice the polar pitch corresponding to 4 poles. This renders 
it impossible for the 4-pole flux to produce any E.M.F. in the coils 
of the auxiliary winding attached to the commutator. 

The brushes resting on this commutator may be connected, as 
just mentioned, between the two star-points already referred to, 
and will serve, when the machine has reached synchronous speed, to 
maintain the constant potential difference between them which is 
required to enable the machine to continue to operate synchronously. 
The machine is started as previously mentioned, as an induction 
motor, the circulating currents flowing in the primary winding at 
standstill being of full frequency, their frequency being steadily 
reduced until it becomes zero at synchronism. 

The cascade secondary winding produces, as is well known, a 
second field in addition to that impressed on it by the currents 
flowing into the primary from the line, which we have called 
the primary, or 4-pole, field. This second field we shall call the 
secondary, or 2-pole, field, and the circulating currents above 
referred to are produced by the 2-pole field cutting the windings on 
the primary member, their frequency being that of the slip between 
the secondary flux and the conductors on the primary member. 
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This field will also cut the auxiliary exciting winding, and will 
produce across the brushes E.M,F/s of exactly the same frequency 
as the circulating currents which it produces in the primary winding, 
that is, of full line frequency at starting decreasing to zero at 
synchronism. Hence, if these brushes are permanently connected 
between the star-points of the primary winding, the current flow- 
ing through them will be of the same frequency as the circulating 
currents on which the operation of starting depends, and, hence, 
will simply aid in this operation and will not produce any harmful 
effect. In this way the arrangement described differs entirely from 
the use of a separate exciter, since an exciter produces continuous 
current at all speeds, whereas an auxiliary winding 
N such as above described produces currents of slip 

frequency at all speeds which only becomes continuous 
\ current at s 3 mchronism. Resistances may be inter- 
\y ] posed between the commutator and the primar^^ 

winding for starting purposes. 

S Another essential difference between such a machine, 

N and a machine having a separate exciter, arises from 

Fig. 135 the fact that the flux to which the voltage occurring 
on the commutator is due, which has been called the 
2-pole flux, is determined in magnitude and phase by the main 
secondary cascade winding A, and, hence, cannot be adjusted at 
will in order to vary the voltage across the commutator, in the 
same way in which the voltage across the commutator of an exciter 
can be adjusted by varying its field strength. 

With a normal arrangement of brushes on the commutator E, 
therefore, the voltage across it is fixed, and, therefore, the current 
flowing into the star-points of the primary winding can be adjusted 
only by means of resistance. Since a fine adjustment of the syn- 
chronous motor excitation is almost always required in practice, 
a certain amount of such resistance will usually have to be left in 
circuit during the whole period of operation of the motor, and this 
in certain cases may be inconvenient. In order to render it unneces- 
sary, the positive and negative brushes resting on the commutator 
E may be made capable of mutual adjustment, as shown in Fig. 
133, for the case of a 4-pole secondary flux. 

In Fig. 135 let NN be the positive brushes resting on the commuta- 
tor E, while SS are the negative brushes. By moving the brushes 
SS relative to NN, the voltage between N and S may be adjusted in 
a manner which does not require the use of resistance. It should 
be noticed that the auxiliary winding JB will, as a rule, be arranged 
to give a very low voltage. 

It is clear that the commutator E must be proportioned in such 
a way as to commutate currents of full line frequency at the moment 
of starting, and, hence, the voltage per segment will be low, and a 
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commutator so proportioned will permit of the adjustment of brush 
position after synchronism has been reached. 

Although in Fig. 134 the commutator is shown directly connected 
across the star-point of the primary winding, it may be desirable 
to open the circuit during the starting period in certain cases, for 
instance, for the purpose of improving the starting torque. 

But the s 5 mchronous motor has certain grave disadvantages of 
which the necessity for synchronizing is only one. Another is the 
fact that the field ampere-turns are invariable from no-load to 
full-load. If, therefore, a high overload capacity is aimed at, a 
very heavy field excitation is required roughly in proportion to 
the overload required, and this field excitation remains constant 
at all loads, even though it may never be required. This results 
in additional heating besides additional cost of construction. 

In the ordinary induction motor, on the other hand, the secondary 
ampere-tums (which correspond to the field ampere-turns in a 
synchronous motor) are approximately proportional to the load, 
and, therefore, it is possible to have the very heavy secondary 
ampere-turns which are necessary at overloads without having the 
same excessive ampere-turns on normal and light loads. This 
gives the induction machine a great advantage. It is, therefore, 
desirable to maintain this characteristic in a self-exciting or unity 
power factor machine by arranging it as an induction rather than 
as a synchronous type. 

In order to do this it is necessary to arrange for a polyphase 
exciting winding instead of the direct-current (single-phase) type 
already known. The machine, in fact, becomes identical with the 
already -known cascade induction motor, save that means are pro- 
vided to insert a voltage in the local circuits of the primary winding 
for the purpose of raising the power factor. 

It has already been pointed out that for other ratios of pole 
numbers than 2:1, other numbers of parallels may be required in 
the stator winding. For instance, windings have been described 
Aot pole numbers having ratios of 3 : 1 which have three parallels, 
and which can, therefore, be arranged to give three star-points 
instead of two. In order to deal with such combinations, we only 
require to place a three-phase arrangement of brushes upon the 
commutator of the auxiliary winding instead of a direct-current 
(single-phase) arrangement, and, in general, the brushes on this 
commutator may be arranged to give a number of phases equal to 
the number of parallels. 

The operation of a machine with a polyphase arrangement of 
brushes is similar to that of a machine fitted with certain types of 
phase advancer, that is, it will be capable of operating on unity 
power factor, and may even be caused to reach synchronous speed 
by suitably moving the brushes. 

II— (5510) 
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Another method of utilizing an auxiliary winding with commuta- 
tor to obtain high power factors, is to make the commutator itself 
the star-point of the primary winding. For instance, a winding 
such as that just referred to arranged for a primary pole number of 
six, and a secondary number of two, and having three parallels, has, 
in all, nine sections joined to the star-point, three for each phase. 
If, therefore, we place on the commutator a 9-phase arrangement of 
brushes and connect one of the sections to each, we thereby make the 



commutator the star-point, and the results already referred to as 
regards high power factor may be obtained. In Fig. 136, for 
instance, the stator is fitted with a winding of 18 sections symbolized 
in the same way as in Chapter XVI, diametrically opposite sections 
sudi as 1 and 10 being connected in series reversed, that is, the end 
of section 1 being connected to the end of section 10. 

Of these pairs, the beginnings of sections 1, 7, and 13 are joined 
together to form phase A connected to the line, while the begin- 
nings of 3, 9, and 15 are connected together to form phase B, and 
of 5, 11, and 17 to form phase C. The beginnings of sections 2, 4, 
6, 8, 10, 12, 14, 16, and 18 are connected in consecutive order to 
the 9-phase brushes on the commutator, the direction of rotation 
round the commutator being chosen with reference to that of the 
secondary flux. Thus the sections belonging to one primary phase, 
for instance, 10, 16, and 4, will be connected to brushes 120° apart 
on the commutator. As already pointed out. the pitch of the 
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auxiliary winding will be equal to twice the polar pitch of the 
primary flux, that is, to one-third of the circumference in the case 
now being considered, since the primary produces a 6-pole flux. 

With a winding having this pitch, and, say, two conductors per 
slot, with brushes spaced and connected in the manner just described, 
it will be found on tracing the flow of primary currents through the 
winding that the two conductors in each slot carry equal and 
opposite currents, and, hence, the primary currents which flow 
through the commutator when it is used as a star-point are incapable 
of producing any field. 

For instance, in Fig. 137, three coils are shown, each one con- 
nected to a commutator segment on which a brush connected to 
one of the three parallels in one primary phase rests. Hence the 



primary currents carried by these three brushes will be exactly 
equal. 

Tracing the current from each brush, we find that at any given 
instant it flows up the left-hand side of the coil and down by the 
right-hand side. Since each coil spans one-third of the circum- 
ference, the left-hand side of one of these coils lies in the same slot 
as the right-hand side of another, and, hence, since the currents 
carried by the three brushes are equal, the ampere-tums due to 
these currents in the slots will cancel. 

As already pointed out, the 2-pole field produced by the secondary 
winding of the cascade motor can induce an E.M.F. in the auxiliary 
winding. By suitably moving the brushgear round the commuta- 
tor, an E.M.F. may be applied to each local circuit of phase and 
magnitude suitable to effect phase compensation in the same 
manner as for an induction motor of the ordinary type. 

Fig. 138 shows how a similar construction may be applied to a 
machine having 4 and 2 poles, which may be regarded as typifying 
machines whose pole numbers are in the ratio of 2:1. Such a 
machine will have 12 brushes upon the commutator and 12 sections 
in the primary winding (for a 4/2 pole motor). 

Consecutive sections alternately reversed are connected in consecu- 
tive order to the brushes on the commutator, as shown in Fig. 4. 
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That is, the end of section 1 to brush 1 , the end of section 3 to brush 3, 
and so on. 

Sections 1, 4, 7, and 10 are connected together to one of the line 
wires A, Sections 3, 6, 9, and 12 are connected to a second of the 
line wires B, while sections 5, 8, 11, and 2 are connected to the third 
line wire C, 

Another plan which in many cases might be regarded as prefer- 
able is to have only six brushes on the commutator instead of 12, 



Fig. 138 


connected to sections 1, 3, 5, 7, 9, and 11, while sections 2, 4, 6, 8, 
10, and 12 are short-circuited in a common star-point. 

It should be pointed out that while the number of brush sets 
is greater when the commutator is made the star-point in the manner 
already described than when synchronous working is employed, yet 
the total current to be carried by the commutator for a given type 
of winding, and, therefore, the brush area, is not increased ; thus, 
to take a simple example, instead of using 4 brush spindles with 
3 brushes on each spindle, we employ 12 brush spindles with 1 brush 
on each spindle, the result being a commutator of larger diameter 
and shorter length than that of a separate exciter. 

By adjusting the position of the brushes round the commutator, 
the phase of the E.M.F. inserted in the local circuits of the primary 
winding may be varied, one position of the brushes giving the best 
results from the point of view of phase improvement, while a 
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position electrically in quadrature with it produces a change in 
the no-load speed. 

Resistances may be inserted in this as in previous machines, in 
series with the brushes for purposes of starting. 

In certain cases it may be desirable to employ two windings on 
the primary member, one connected to the line and a second to 
the commutator. In such a case, of course, the winding connected 
to the commutator would have a small number of phases, such as 
three, requiring three brush sets only. In such a case the two ends 



of each phase will be brought to terminals independently, one end 
of each phase being connected to the commutator brushes, while the 
other is connected to a 3-phase starter of standard form for pur- 
poses of starting, and short-circuited after the starting operation is 
completed. 

Alternatively, the arrangement of Fig. 137 may be employed 
for raising the power factor, starting resistances being connected 
in series with the brushes. In the same way, of course, a separ- 
ate exciting winding for a synchronous motor may obviously be 
employed. 

Fig. 139 illustrates a type of motor adapted for gradual speed 
variation, and in which two stator windings are made use of. In 
Fig. 139 the commutator is fitted with two sets of three brushes, 
each shown in the figure 2 iS AAA and BBB, these being arranged 
so that the set AAA may be moved clockwise, round the commuta- 
tor, and the set BBB counter-clockwise, the two sets being 
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arranged in different planes, so that the 3 " do not interfere with one 
another. 

PPP indicates the primary winding of the motor, which is a 
simple star winding containing no parallels and connected direct 
to the line. TTT indicates a second winding on the same member 
arranged for a different number of poles. For the sake of definite- 
ness, we may assume that the primary winding is arranged for 
6 poles, and the auxiliary commutator winding and the remaining 
winding TTT on the primary member for 2 poles. 

The winding TTT may be wound as a standard 2-pole, 3-phase 
winding, both terminals of each phase being brought out and con- 



Fig. 140 


nected the one end of each phase to the brushes AAA respectively, 
and the other end of each phase to brushes BBB respectively. 

Clearly, if the brush sets A and B lie on the same bar, each of 
the phases TTT of the 2-pole winding will be independently short- 
circuited, while, as the brushes A and B are separated, a voltage 
derived from the auxiliary commutator winding may be inserted 
in the brushes in the circuit of each phase TTT. By suitably adjust- 
ing the position of the brushes, this voltage may be given any phase 
or magnitude desired. Since this circuit TTT represents the 
secondary of the second machine of the cascade set, such an E.M.F. 
may be used to regulate the speed of the machine as well as its 
power factor, the regulation, of course, being of a perfectly gradual 
nature. Such a method of regulation is particularly well adapted 
to give a fine adjustment of speed of a large fan for use in mines, or 
for other purposes. 

In Fi^. 140 and i41 is shown a method of economizing copper 
in certain types of winding attached to a commutator. 
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In Fig. 141 the commutator is shown attached to a winding 
entirely separate from, but placed in the same slots as the main 
secondary winding of the cascade machine. If the said secondary 
winding of the cascade machine is of the star-mesh type, such a 
commutator winding may be connected into the star-point of the 
secondary winding, whereupon it operates rather as the winding 
of a rotary-convertor than as that of an independent machine. 

Such a winding may be constructed precisely as described previ- 
ously. Taking the case of a machine arranged to give two pole 
numbers in the ratio of 2 : 3, say, a machine having six primary 
and four secondary poles. The star-mesh secondary winding of 



Fig. 141 


such a machine will, as shown previously, have five phases. In 
connecting the commutator winding into the star-point of such a 
secondary winding, two directions of phase rotation are possible. 
In the first, the phase rotation of the currents flowing through the 
tappings of the commutator winding is opposite to its direction of 
rotation in space, as in Fig. 140 say, and provided the commutator 
winding is arranged to co-operate with the secondary pole num- 
ber, for instance, being wound with a pitch of one-third of the 
circumference, the frequency of the currents flowing through the 
commutator will be that of the secondary field relative to the 
stator, that is, the frequency of slip. 

If the direction of phase rotation of the currents which flow 
through the tappings is the same as that of the mechanical rotation, 
then it follows that, provided the commutator winding is arranged 
to co-operate with the primary pole number, having a pitch equal 
to half the circumference say, the currents appearing on the commu- 
tator will have the same frequency as that of the primary field 


168 THEORY AND DESIGN OF ELECTRIC MACHINES 

with respect to the stator, that is, the frequency of the line. It 
has already been pointed out that by giving the commutator wind- 
ing a pitch equal to that of an even number of primary poles, induc- 
tion between the commutator winding and the secondary field is 
prevented. Hence, by adopting one or other of the directions of 
phase rotation referred to above in combination with the appropri- 
ate pitch, it is possible to obtain on the commutator frequencies 
corresponding to either the primary or secondary flux. 

By connecting the commutator winding as a rotary-convertor 
winding in this way, a certain economy of copper may be obtained, 
as already pointed out, since the currents in such a winding partially 
cancel out. The insertion of extra turns, however, in the circuit of 
the star-mesh secondary winding produces an alteration in the 
ratio of the primary to the secondary flux densities, which must 
be taken into account in designing such windings. 

The effect of inserting in the circuits of the cascade secondary* 
winding, turns having a pitch different from that of the winding 
and, perhaps, covering an even number of pole pitches of either the 
primary of the secondary flux, is to insert further E.M.F.’s in that 
circuit whose magnitude and phase may readily be calculated on 
known principles, and from this calculation the exact effect on the 
ratio of the flux densities may be ascertained. 

Such a winding as that shown in Fig. 139, in which the primary 
frequency appears on the commutator, renders possible the inser- 
tion of voltages in the circuits of the cascade secondary winding, 
for the purpose of regulating the characteristics of the machine. 
For instance, by connecting a transformer across the brushes of 
this commutator, the primary of which is in series with the line, 
voltage proportional to the load may be introduced into such a 
secondary circuit. This is particularly useful in generators, as it 
permits the obtaining of a compound characteristic in a simple 
manner. 

In such machines, clearly, the commutator could be used not 
only for purposes of excitation or speed variation, but to deliver 
current to an external circuit, the machine thus becoming a con- 
vertor. For instance, it could be arranged to deliver direct current 
from the commutator while absorbing polyphase alternating cur- 
rents in the primary winding. It would thus be an equivalent of 
a ssmchronous motor generator set. Alternatively, it could deliver 
polyphase alternating current from the commutator of low or even 
variable frequency, while absorbing power at line frequency on the 
primary winding, or these functions could be reversed, the machine 
taking in power at the commutator and delivering it from the 
primary winding. 



CHAPTER XIX 

THE TURBO-CONVERTOR 

A cascade set containing three relatively moving elements. In addi- 
tion to cascade sets of the types we have already described, other 
types exist in which two revolving elements travelling at different 
speeds, relative to the fixed stator, are used. The only machine of 
this type to which any great amount of thought has been given is 
the turbo-convertor, a high-speed, direct-current generator unit, and 
the present chapter will, therefore, be devoted to describing it. 

Induction Generator 



Fig 142 

We shall give a fairly full description in order to assist the reader 
to understand the various other types having three moving elements. 

The fundamental difficulty, of course, in the design of a direct- 
current turbo-generator, is the collection of the current from the 
rapidly revolving commutator, and for this, in spite of the engineer- 
ing skill lavished on the subject, there would appear to be no 
remedy, except reducing the rate of revolution of the commutator. 
In order to do this, Mr. H. M. Hobart has proposed the use of an 
alternating-current generator driving a rotary convertor of the 
ordinary type, but this proposal has not often been adopted in 
this country, presumably through fear of the cost. Another plan 
which has had a certain measure of success is the use of double 
helical machine-cut gears, which are now obtainable in sizes suitable 
for transmitting large powers. 

The present chapter describes another method which may be 
regarded, to some extent, as a combination of the two mentioned 
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above, in that an alternating-current generator of the induction 
type feeding a rotary convertor is employed, the induction generator 
being used at the same time as a species of electromagnetic gear. 
By this means it is possible to reduce materially the size of both 
the rotary convertor and the alternating-current generator, since 
while in Hobart's proposal it is necessary to have both capable 
of delivering the full output of the system, on this plan, the output 
of the system is the sum of the outputs of the component parts, 
each of which, therefore, need only have half the capacity of the 
set. 

The turbo-convertor, then, consists of an induction generator 
combined into one machine with a rotary convertor, one member 
(preferably the primary) being mounted on the convertor shaft and 
revolving with it, and the other, usually the squirrel-cage rotor, 
being mounted on the turbine shaft. Fig. 142 shows a diagram of 
connections of the device. 

By mounting the generator primary on the convertor shaft instead 
of having it stationary, as in Hobart's proposal, we make use of the 
driving torque required by the induction generator, or, in other 
words, the resistance which its rotor opposes to being revolved by 
the turbine, in order to drive the convertor, which is thereby 
caused to generate direct current in addition to its function as a 
convertor. 

Let us take, by way of example, a 4-pole generator and a 4-pole 
convertor. Let the convertor be running at 1,500 revs, per min., 
say, and let the 3-phase induction generator be connected to 3-phase 
tappings on the convertor armature through the hollow shaft. 

At 1,500 revs, per min,, 3-phase currents at 50 cycles will flow 
through the tappings on the convertor armature. These tappings 
are so connected that the revolving field of the induction generator 
rotates the same way as the convertor armature. In a 4-pole 
machine with 50 cycles excitation, the revolving field will also go 
at 1,500 revs, per min. relative to the primary winding which pro- 
duces it. Hence the total speed of the revolving field will be 
3,000 revs, per min., the sum of its speed relative to its primary and 
that of the primary itself. The squirrel-cage rotor, and, therefore, 
of course, the turbine, will go at approximately the same speed as 
the field. Hence we have obtained an apparatus in which the 
generator only runs at a fraction of the speed of the turbine. 

A little reflection will make it clear that in an apparatus mounted 
as described, since the driving torque of the induction generator 
also drives the convertor as a direct-current generator, the torque 
exerted between rotor and stator of the induction generator must 
be identically equal to that between armature and field of the 
convertor. They are, in fact, the same torque exerted at different 
points. 
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I 

i 



PLATE II 

Turbo-convertor ready for operation 



PLATE III 

Turbo-convertor dismantled to show induction generator primary 
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The input of power into any generator, of course, is 

Power input = torque X relative speed of inductor and 
induced parts. 

If, for the moment, we neglect the losses, the power input and 
output will be the same. 

We saw above that the torque of the two elements of the turbo- 
convertor was identically the same. If both have the same number 
of poles, the relative speed of inductor and induced parts will be 
the same in each, and, hence, each will generate the same amount 
of power. In addition to its function as a direct-current generatot , 
the convertor, of course, changes the power of the induction genera- 
tor, equal in amount to its own, into a direct-current form, and the 
total power flows out of the commutator of the set. 

The reader will not fail to remark the analogy between the present 
apparatus and the motor convertor. 

Before passing on to a more detailed consideration of the charac- 
teristics of such a set, it may be well to explain the reason for the 
use of an induction rather than a synchronous generator, which 
would appear at first sight to be equally applicable. These reasons 
are few, but conclusive — 

1. If a synchronous generator were employed, it would be neces- 
sary to synchronize the two revolving elements every time the set 
was started. 

2. Owing to the presence of two sources of magnetization in the 
set — one in the convertor and one in the generator field — it would 
be possible for the set to " hunt " if overloaded, and for it to tail 
out of step if accidentally short-circuited and be incapable of 
picking up again. 

3. Collector rings would be required on the high-speed element 
to excite the field. 

Characteristics of a turbo-convertor set. The convertor portion 
of such a set will be distinguished from an ordinary rotary convertor 
by a number of peculiarities of design — 

1. Owing to its function as direct-current generator, it will 
require more copper on the armature than a standard convertor — 
exactly the same amount, in fact, as the convertor portion of a 
motor convertor. 

2. As the field of the convertor has to perform the double func- 
tion of magnetizing both convertor and induction generator, it 
will necessarily be somewhat heavier than that of the ordinary 
convertor. 

The ma^etizing current of the induction generator, in fact, 
differs 90® in phase from the working current, and circulates in the 
convertor armature in such a position as to directly demagnetize the 
field of the convertor. This field, therefore, must be supplied with 
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an extra number of ampere-turns sufficient to counterbalance the 
magnetizing current of the induction generator. 

In order to calculate the increase in the strength of the convertor 
field required, we may proceed as follows — 

Express the reluctance of the induction generator by means of 
an effective air-gap in a manner well understood by electrical 
designers. Multiply this by the ratio of the air-gap magnetic 
density chosen for the induction generator to that of the convertor. 

Excitation must be provided for the resultant reluctance of the 
convertor calculated as above. 

Expressing the above calculation algebraically, it appears as 
follows — 

Let 

dc be the convertor effective air-gap. 
dg be the generator air-gap. 
pc be the convertor gap density. 
pg be the generator gap density. 

Then 

resultant effective air-gap dc -f- <5^ PgiPc. 

3. The drop in speed of a turbo-convertor set from no-load to 
full-load would at first sight appear to be considerable, as the “ slip '' 
of the induction generator is added to the drop in speed of the 
turbine. 

However, if the ratio of speeds of the turbine and convertor is, 
say, 2:1, the effect of the slip on the speed of the convertor is 
reduced in the same ratio, so that the resultant drop in speed is 
much less than might have been anticipated. This is best seen by 
a short algebraical investigation. 

Let 

kQ = the speed of the turbine. 

= the synchronous speed of the induction generator. 

5 = the slip. 

= the number of poles of the convertor. 

P. 2 . = the number of poles of the induction generator. 

Then we have 

Convertor speed == Aq - s - 

P 

Frequency generated by convertor = - s - fej) X 


Synchronous speed of induction generator 


120 


= frequency of supply X -p 
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or. 


Pi 

= (^0 — 5 - 


X 


120 


Transposing and cancelling. 


{Pi + P^) = (>^0 - 


or. 

Pi 

kl = — s) -p I p 

Substituting this value for k in the equation for the convertor 
speed, we get 

p 

Convertor speed = (Aq - 5) p ■ ^ p 

^1 “ T ” -^2 

If we neglect the slip for a moment, this equation shows us that 
the general rule for finding the '' gear ratio '' of a set having any 
numbers of poles P-^ and Pg is as follows — 

“ Divide the number of poles on the induction generator by the 
sum of those on the convertor and the induction generator, and the 
result will be the ratio of the convertor speed to that of the turbine 
on no load/' 

In order to illustrate the influence of the slip on the convertor 
speed, let us take the rather extreme case of a bipolar induction 
generator coupled to an 8-pole convertor giving a “ gear ratio " of 
5:1. If the turbine goes at 3,650 revs, per min., say. the no-load 
speed of the convertor will be 730 revs, per min. Suppose now the 
slip of the induction generator is 150 revs, per min., or somewhat 
over 5 per cent. The full-load speed of the convertor by the rule 
given above will be one-fifth of 3,500, or 700. Thus the convertor 
has only dropped from 730 to 700 revs, per min., only 30 revs, per 
min., or about 4 per cent, while the induction generator has slipped 
150 revs, per min. 

There should be no difficulty in a machine of any size in reducing 
the slip of the squirrel-cage induction generator to 2 per cent, so 
that its effect on the convertor speed will be very slight. 

It has been thought desirable to discuss the subject of slip in the 
induction generator quite fully, as otherwise it might appear to 
have a seriously injurious effect on the regulation of the set. How- 
ever, the above investigation shows that while the series field of 
such a set requires to be a little stronger than on an ordinary 
generator in order to offset this, yet the effect of the slip is of quite 
small magnitude. 

4. Such a set can very readily be employed as a 3-wire set. All 
that is necessary is that the induction generator be connected in 

^tar " and a tapping led from the neutral point to a collector 
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ring, the brushes on which are connected to the neutral wire of the 
system. 

5. Starting. It is, of course, obvious that the turbo-convertor 
cannot be started from the steam-turbine end without auxiliary 
means. The steam-turbine and squirrel-cage rotor attached will 
start up alone, while the convertor portion remains stationary 
without showing any tendency to start. It is necessary to bring the 
convertor up to a sufficient speed to generate enough voltage to 
excite the induction generator before the primary and secondary of 
the latter can get into step. 

Methods of starting may be divided into two classes — electrical 
and mechanical. 

Let us take electrical methods first. 

1 . If a supply of direct current is available, the convertor may be 
started up as a direct-current motor, when it will bring the turbine 



up with it to its rated speed of twice or more that of the convertor. 
Steam can then be admitted, and the set will be ready for load. 
This is by far the best plan where applicable, but, of course, it 
requires an appreciable supply of electric power to enable it to be 
used. 

2. Another plan requiring only a very small supply of power is 
the following — 

Means are provided for causing a direct current to circulate in 
one of the phases of the induction generator during the starting 
period. The generator so excited acts as an electric clutch, which 
will bring both elements up at the same speed, and may be auto- 
matically thrown out of action when the convertor reaches the 
desired speed. 

Coming now to the mechanical methods — 

1. One of the best mechanical methods is that illustrated in 
Fig. 143. By means of an auxiliary idler shaft the turbine is 
belted on to the convertor by the use of pulleys, which may con- 
veniently be arranged to give the same velocity ratio as the induction 
generator. 
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On starting the turbine, the convertor is brought up to its correct 
speed by the agency of the belts, and as soon as the field switch 
is closed will be ready for load. The belts may then be run on to 
loose pulleys, and the idler shaft stopped. This may be done by 
hand or automatically by means of a solenoid operated by the 
voltage across the convertor brushes. 



Gearing could be used instead of belts in the above method, but 
would probably be less satisfactory. 

2. An auxiliary turbine might be used to start the convertor. 

3. Primary and secondary of the induction generator might be 
coupled by a centrifugal clutch releasing when the convertor reached 
its rated speed. 

4. They may be coupled by a clutch operating when the torque 
between primary and secondary exceeds a certain value. A rudi- 
mentary instance of such an appliance is the device occasionally 
useftd for experimental purposes, wherein primary and secondary 
are tied together by means of a predetermined number of thicknesses 
of thread. 

When the machine reaches an appropriate speed, the torque 
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between the two becomes sufficient to burst the thread, and the 
two portions of the generator fall into step. When we come to 
criticize these methods with a view to picking out one for practical 
application, we find that all of them, except the first electrical and 
the first mechanical methods, are subject to the following criticism. 
So long as everything is in perfect order all of them will operate 



Fig. 145 

all right, but if the clutches or switches required failed to operate 
as expected, the convertor would run the risk of being raised much 
above its rated speed, the result of which would very likely be 
disastrous. Means could probably be found to prevent this, but, 
on the whole, it seems better to adopt a method where this criticism 
cannot arise. 

The first electrical method described is not applicable in the 
absence of a considerable supply of electrical power, hence we 
come to the conclusion that the best method of starting is by means 
of belts and an idler shaft as described. 

Mechanical design of the turbo-convertor. Two different forms 
of mechanical construction are possible for the turbo-convertor. 
Firstly, the type illustrated in Fig. 145, which may conveniently 
be called the " fly-wheel " type, or, secondly, that sketched in 
Fig. 146. which may be called " the spinner type. In this type 

la — (55X0) 
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the squirrel-cage rotor forms the inner element, and is driven direct 
by the turbine. Surrounding this is a second element, the “ spin- 
ner,” capable of free rotation and also supported by means of ball 
bearings or the like on the same bearing pedestals in which the 
squirrel-cage rotor runs. This element bears the primary winding 
of the induction generator on its inside surface, and the armature 


d; 


Fig. 146 



winding of the convertor on its outside surface, being fitted with a 
commutator and brushes in the usual way. 

Outside of this again is the field ring of the convertor, carrying the 
pole pieces and their windings, etc. 

The cardinal feature of the fly-wheel type, of course, is that both 
primary and secondary are “ overhimg,” or, in other words, sup- 
ported by a single bearing. 

A description is given below of the design adopted to render 
this construction unobjectionable. The most essential feature of 
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any single-bearing construction is to reduce the overhang of the 
centre of gravity of the overhung mass beyond the bearing nose 
as much as possible. 

It will be found in every case that the design adopted enables us 
to reduce this overhang to a matter of a few inches beyond the 
bearing nose even in the most extreme cases, and for sizes of 500 kW. 
In order to do this, an induction generator design of large diameter 
and short length must be adopted, of course. 

The only point which need cause us any anxiety as regards 
centrifugal force is the short-circuiting ring of the squirrel-cage. 
This cannot be made of steel, as it must consist of a high conductivity 


non-magnetic material . 
It will be found, on calcu- 
lation, that for all high- 
speed work aluminium 
gives a factor of safety 
only inferior to that of 
good steel on account of 
its extreme lightness. 
Duralumin is still better 
in this respect. 

As regards conduc- 



Fig 147 


tivity, it is a common- 


place that an aluminium high tension line is cheaper than a copper 
one of the same conductivity, so we may feel reassured on this head. 


Hence, if we adopt the end-ring construction shown in Fig. 145, 
in which the end-ring is made of rolled aluminium sheet, we have 


an ample factor of safety against centrifugal force. 

Fig. 145 is a sketch, approximately to scale, showing the me- 
chanical design of the induction generator whose dimensions are 
given above. It will be seen that the centre line of the secondary 
only overhangs the bearing nose by little more than an inch, while 
the slowly revolving primary is overhung by approximately 9 in. 
We may estimate the weight of this, including everything, as not 
over 3,500 lb., so that with an overhang of 9 in. only and a speed of 
600 revs, per min. we are well within the range of fly-wheel practice. 

The cardinal features of the design used to obtain these resiilts 


are two in number — 


1. The primary frame is made of a non-magnetic material in 
which a number of holes are cast corresponding to the stator slots. 
Through these holes the stator bars are brought, and so the stator 
wdnding is kept outside the frame. An alternative construction not 
requiring the use of a non-magnetic frame is shown in Fig. 147. 
By this means we obtain the following advantages — 

(a) The overhang of the primary is reduced vei^ much, as we do 
not have to allow space for the end-connections inside the frame. 
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{b) The frame abuts solidly on the punchings all round, and 
there is no hollow space to cause mechanical weakness. 

(c) There is ample room for the end-connections, and they do not 
have to be cramped in any way. 

(d) There is ample ventilation for the end-connections. 

2. The other important feature of the design is the arrangement 
by which the joint between the two hubs on which the primary and 
secondary of the induction generator are built up is made inside 
the bearing, instead of on the projecting part of the shafts in the 
usual way. This enables us to have a quite ample and rigid bearing 
surface, and yet only have a shaft extension of about 3 in. in the 
set considered. The distance between the ends of the two bearing 
brasses is only about 11 in., scarcely more than it would be with an 
ordinary flange coupling. 

The machine, in general, consists of two forced-lubrication, 
water-cooled bearings of large size, supporting respectively one end 
of the turbine and the secondary of the induction generator, and 
one end of the convertor and the primary of the induction generator. 
Mounted on the turbine shaft by a very long taper fit and keyway 
is a steel hub on which the secondary of the induction generator is 
built up. This is built up of punchings, in the usual way, the end- 
rings of the squirrel-cage winding being of aluminium, in which 
holes are punched for the bars, these being afterwards riveted over 
on the outside. The primary is built up within a frame provided 
with holes on one side, through which the insulated stator bars 
pass. This frame is mounted by a taper fit of ample area and key- 
way on another steel hub, similar in general design to that used for 
the secondary, which is again mounted by a taper fit within the 
bearing on the convertor shaft. In order to save the space taken 
up by a nut on the front end, these taper fits are arranged to tighten 
up from the back as shown. 

The leads are brought from the primary winding through the 
hollow shaft to the convertor. 



CHAPTER XX 


FURTHER TYPES OF INTERNAL CASCADE SETS CONTAINING 
THREE RELATIVELY MOVING ELEMENTS 

We saw in Chapter XIX that the turbo-convertor could be built 
in a concentric form, such as we reproduce in Fig. 148. 

In order to build such a machine on the internal cascade principle 
still retaining the three relatively revolving elements, we have 
merely to combine windings B and C reducing the width of the 
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Fig. 149 


spinner ” element till it is only just sufficient to carry the wind- 
ings. The machine then takes the form shown in Fig. 149. 

It will be seen that the intermediate, or spinner," element is 
now reduced merely to the teeth of the original type. Neither of the 
two magnetic circuits is closed in the spinner element, but both 
fluxes simply traverse it and are closed in the two main elements. 

Any number of intermediate forms can be constructed, in which 
the two fluxes are closed partially in the spinner element and 
partially in the two main elements. 

The characteristics of the machine are essentially those of 
the externally cascaded turbo-convertor, but it admits of many 
modifications of construction. 
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Besides the modification shown, we may place the squirrel-cage 
rotor of the induction generator on the spinner and the primary 
on the high speed element. 

This involves collector rings on both moving elements, which 
are entirely avoided by the previous arrangement and so far is a 
disadvantage. But the principal problem of such an arrangement 
as we are discussing is to obtain a sound mechanical construction 
for the “ spinner/’ By placing a squirrel-cage rotor on the spinner 
in which the bars are permanently joined to a short-circuited end- 
ring we obtain a means of mechanical 
support. For by suitably designing such 
a squirrel-cage rotor we can make it 
support the teeth and the other winding 
on the spinner. It must not be forgotten 
that the flux due to the direct-current 
field also passes through the spinner, 
and means must be devised to make the 
squirrel cage non-inductive with respect 
to this flux. We shall return to this 
point later. Instead of the squirrel- 
cage rotor we may substitute a direct- 
current windings as we saw when 
discussing motor generators, but this 
would not have the same advantages. 

Another arrangement, perhaps superior to the last, is the follow- 
ing, shown in Fig. 149. 

In this arrangement both machines are synchronous, and the 
direct-current fields of both are on the stationary member. Neither 
of the fluxes, therefore, rotates with respect to the stator, and, 
therefore, it need not be laminated but may be of ordinary solid 
construction. The spinner bears a winding adapted to one polarity 
of the direct-current field and the high speed rotor a winding 
adapted to the other. Both moving elements require collector 
rings. 

Let us consider this arrangement a little more in detail. 

Take a case where the windings on the stator have 2 poles and 
6 poles respectively, the flux wave being a 2-pole wave with a more 
or less pronounced triple harmonic. 

If the high speed winding is connected as a 2-pole winding, the 
coils being made to cover one-third of the circumference or a com- 
plete wavelength of the 6-pole flux, they will be non-inductive to 
it and generate a frequency corresponding to the 2-pole component 
only. 

If the low speed winding on the spinner is a 6-pole winding, as, 
for instance, a 2-circuit, 6-pole type, it will generate a frequency 
at the slip-rings corresponding to the 6-pole component only. If 
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the two sets of slip-rings are connected together the two frequencies 
must be the same, or the spinner will run at one-third the speed of 
the rotor running, say, at 500 if the rotor goes at 1,500. Such a 
spinner experiences no mechanical torque as the winding on it is 
purely a rotary convertor winding. 

Mechanical construction of the spinner. We now come to the 
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Fig. 152 

problem of the mechanical construction of the spinner. The chief 
difficulty about this is the supposed necessity of laminating the 
magnetic parts. The following construction, however, may be used 
to avoid this. 

If we have N. and S. poles on any machine longitudinally or 
axially adjacent to one another (Fig. 151), and so arranged that any 
conductor of a squirrel-cage winding cuts both of these together, no 
electromotive force will be induced in any of them and, therefore. 
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no current will flow in the squirrel cage as a whole, notwithstanding 
that the flux is arranged circumferentially in any way whatever. 

If, therefore, we laminate our spinner longitudinally^ we are at 
liberty to short-circuit the extreme ends of our laminations to a 
circumferential ring, as. for instance, by welding them on to it. 

In this way we may construct a substantial and mechanically 
sound spinner which yet is laminated. 

It is interesting to note that these '' spinner types, originated 
by the late H. A. Mavor, have recently been revived by Messrs 
Krupp as single-phase railway motors. 



PART IV 

CHAPTER XXI 

G?ENERAL PRINCIPLES OF THE VARIABLE POLE MACHINE 

Speed change by changing the number of poles. Without ignoring 
the work of early inventors, such as Dahlander. LindstrOm, and 
Alexanderson, who have provided means of adapting a single wind- 
ing to give, for instance, two numbers of poles having a fixed ratio, 
it is not unfair to say that the idea of using the method of pole 
changing to produce a machine having anything resembling a 
gradual variation of speed by small steps between wide limits, 
would have been regarded a few years ago as chimerical. Yet it is 
also obvious that if by any means we could render practically avail- 
able all the numbers of poles which exist within a given range, we 





have a machine with a very high degree of practical usefulness. 
For instance, on 50 periods between the speeds of 375 r.p.m. and 
1,000 r.p.m. there are six numbers of poles available. 

One method by which all these numbers of poles might theoretic- 
ally be rendered available with a single winding has long been 
known, i.e. the use of a ring winding tapped at the various points 
necessary to give different numbers of poles, as shown in Fig. 153. 
It is well known that a ring winding can be used on any number 
of poles, if a number of equidistant tappings equal to three times 
the number of pairs of poles are brought out on each speed, equalizer 
connections being made between tappings 1 to 4 throughout the 
circumference. To obtain six numbers of poles from the same 
winding in this way, however, would require a formidable number of 
tappings, and to connect them together in the various manners 
required would involve an equally formidable type of switchgear. 

Although a ring winding is inconvenient in practice, the results 
given by such a winding can be closely imitated by the means of a 
drum winding of either the lap or wave type. Fig. 154 is the 

185 



186 THEORY AND DESIGN OF ELECTRIC MACHINES 

ordinary diagramm atic representation of a lap winding with tap- 
pings /i, /b, Jo ■ spaced apart by an amount equal to the slot 
pitch of the winding. In the case shown the slot pitch is 1 — 4. 
that is to say, a coil having one side in slot 1 has its other side in 
slot 4. Suppose the cmrents in the winding on opposite sides of 




tapping /b aJ'e - C^ and Cg respectively, those on opposite sides 
of tapping Jo, - C^ and Cj. respectively, and so on. All the slots 
embraced by coil connected to tapping /b will have in them a bar 
carrying current C-C^ and another carrying current C^, so that 
together they constitute a zone of current of magnitude Cb - 
Similarly, the slots within the span of the coil joined to Jo make a 
zone of current in Jo, Cg - C^. and so on. But the current in /b is 
Cb - Ci., and the current in Jg, Cg - Cb- So that the effect of the 
winding is to produce zones of current proportional in value to the 
current in the adjacent tapping. In all windings the zones or bands 
should preferably be identical. 




PLATE V 

Rotor winding of six-spesd motor shown in Frontispiece. 
Speeds 1,000, 750, 600. 500, 428. 37S 
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If the pitch of the tappings were greater than the slot pitch the 
same effect would be produced, only the current zones would be sep- 
arated by slots containing bars carrying equal and opposite currents. 
By the method indicated below it is possible to secure a large 
number of different zones with a relatively small number of tappings. 

One method is illustrated by Fig. 155, which shows a 2-\^.yeT 
winding like that of Fig. 154, but with a slot pitch greater than the 
pitch of the tappings and not an exact multiple of it. The effect 
of this is to produce within the span of the coil joined to J three 
different bands of current, viz. a band C^ - another - C 33 , 
and a third, C^ - so that in all there are twice as many zones 
as tappings. 

In general all the tappings of the winding must be brought out 
to independent terminals, but where all the numbers of poles it is 
desired to use fulfil certain condit'ons it is sometimes possible to 
reduce the number of terminals. 

For instance, if for each of the numbers of poles with which the 
motor is intended to work certain points in the winding are equi- 
potential points, they may be joined by equalizers and only one 
terminal provided for each set. 

Similarly, if for each of the numbers of poles there are groups of 
bars carrying equal currents, the bars of these groups may be 
united into a wave winding in place of the lap winding. It will 
sometimes occur that the same distribution of currents is repeated 
several times round the circumference of the machine, so that the 
bars can be connected by a wave winding having a short pitch less 
than the pole pitch at one end, and a long pitch spanning several 
pole pitches at the other, 

The least number of independent bars or groups or bands required 
in a machine which is to work with each of several given numbers of 
poles is the^product of the number of phases in the shortest pole 
pitch used, and the maximum number of poles used, divided by the 
G.C.M. of all the numbers of pairs of poles 'used. To secure satis- 
* factory working it is well to have not less than two phases in the 
shortest pole pitch, and the number of phases in each larger pole 
pitch will then be more than two, though it may not be a whole 
number. The winding will present a number of identical sections 
equal to the G.C.M. of all the numbers of pairs of poles. 

As it is important that this matter should be perfectly clear, it 
may be of advantage to regard it from another point of view. 

Fig. 156 shows three sketches of a drum- wound coil lying (a) in 
a field of 6 poles, ( 6 ) in a field of 10 poles, and (c) in a field of 16 poles, 
the pitch of the coil being approximately one-tenth of the circum 
ference. The sine curve shown in the figure may be taken to repre - 
sent the values of the air-gap density at a particular instant, and, 
if so, the ordinates to the curve will represent on a suitable scale 
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the voltage induced in the left-hand conductor. Similarly, the 
ordinate CD represents that induced in the right-hand conductor. 
The curves have in every case been so drawn that the left-hand 
conductor lies at the point of maximum density. The total E.M.F. 
induced in the coil will in each case be + CD), It will be seen 
that in curve {b) (Fig. 156), representing the 10-pole condition, the 
E.M.F. induced in the coil is a maximum, since CD as well as AB 
is a maximum. In the curve corresponding to 6 poles, the pitch of 



Fig. 156 


the coil is considerably less than the pole pitch, and, therefore, CD 
is a good deal less than AB, but, nevertheless, the sum of the two 
is only reduced to about 70 per cent of its previous value. 
Similarly, in curve (c), representing 16 poles, the pitch of the coil 
is a good deal more than the pole pitch, and, therefore, CD is again 
reduced, but again the sum oi AB and CD is only about 70 per 
cent of its full value. It is, in fact, in order to prevent too great 
a difference between the pitch of the coil and the pole pitch, that it 
is usual to limit the speed range of these motors to a value not 
exceeding 3 — 1. 

A further difficulty arises from the fact that the voltage induced 
in any section of the machine consisting of, say, two, three or more 
coils connected in series having a given number of turns is propor- 
tional to the rate at which the magnetic lines cut the conductors, 
and this rate is, of course, proportional to the speed of the flux 
wave, which is practically the same as that of the revolving element. 
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Consequently, at the highest speed of the motor, the wave is 
cutting the conductors at a very high rate, and, if the E.M.F. 
applied to any section is fixed, only a small flux will be required 
to produce it, owing to the high rate of cutting. 

On the low speed of the motor, on the contrary, the flux wave 
is cutting the conductors at a low rate, and, consequently, if the 
E.M.F. across the sections remains the same as before, a large flux 
wDl be necessary to produce it. 

Hence the flux of the motor will tend automatically to fall off 
in proportion to the rise of the speed in much the same way as it 
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does in the direct-current motor, and, hence, such a motor having 
a constant voltage per section, will tend to have a constant horse- 
power characteristic, which is not at all what is demanded in 
practice. 

Means must, therefore, be provided to increase the voltage across 
each section more or less in proportion to the speed. These difficulties 
may be summarized as follows — 

1. The difficulty of producing a winding having a moderate 
number of terminals and capable of simple swatching^ 

2. ^ The difficulty of varying the voltage across a section con- 
taining a fixed nximber of turns, so as to keep th^ flux approximately 
constant with increasing speed without the use of costly apparatus. 
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Method of overcoming these difl&culties. In order to overcome the 
necessity for a very large number of terminals, a method of pole 
changing entirely different from that described above may be 
adopted. This method is shown in Figs. 157 and 158. Still considering 
a ring- wound machine, assume it to be divided into 12 sections, 
shown developed in Fig. 157. 

At this point it may be convenient to recall the diagrammatic 





method of Fig. 115 for denoting alternating-current windings 
developed in order to simplify winding diagrams. It will be seen 
that the ring winding shown at the top of Fig. 157 is divided into 
12 sections, each section being shown as consisting of two turns. 
The beginning of each section is denoted by a white circle and the 
end by a smaller blackened circle, the extremities of the various 
sections being connected in series in the usual manner. An obvious 
simplification for diagrammatic purposes is to omit the drawing of 
the winding and merely retain the two terminals of each section, 
joining them by a straight line in order to show that they belong to 
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the same section. This diagrammatic method of denoting the wind- 
ing is shown immediately below the drawing of the ring in Fig. 157, 
the sections being numbered in order round the circumference. 

Imagine the 12 sections of the ring winding shown in Fig. 157 
to be carrying currents differing in phase from one another by 
60°, the current vectors being shown on the right of Fig. 157 (Z>), 
the current in section 1 having a phase 0°, that in section 2 having 
a phase 60°, that in section 3, 120°, and so on. These vectors when 
projected on a vertical axis in the usual way give, of course, the 
instantaneous currents in the different sections, which may be 
plotted as shown on the left of Fig. 157 {b). We thus obtain a 
series of ordinates the extremities of which lie on a sine curve, 



having two positive and two negative maxima, i.e. four poles on 
the circumference. If, however, we so reconnect these sections that 
the phase difference between adjacent sections is 30° and plot out 
the ordinates as in Fig. 157 {a), we obtain another sine curve having 
one positive and one negative maximum, i.e. two poles, while if 
we make the phase difference between the sections 90°, as in 
Fig. 157 {c), we obtain a curve having three positive and three 
negative maxima, i.e. 6 poles. 

In Fig. 158 are shown the connections whereby this change of 
phases may be accomplished for the case of 13 phases, which is 
practically more convenient in some respects, since by using a 
prime number of phases we prevent connections from any two 
phases of the machine being made to one phase of the convertor. 
As will be seen, it involves the use of 13 terminals on the motor 
(still shown as a ring winding) and some means of producing a 
number of phases (viz. 13) equal to the number of sections in the 
motor winding. Since 13-phase distribution is never used, this 
involves some means of converting from the usual 3-phase supply 
to the number of phases required by the motor and a new piece of 
apparatus, the phase transformer or convertor, is required with 
this method of control. 



PRINCIPLES OF VARIABLE POLE MACHINE 193 

The theory of this method of pole changing may be further 
elucidated by the use of the method of stud 3 dng a rotating field 
explained by Hellmund {Transactions of the American. Institute of 
Electrical Engineers ^ 1908, “ Graphical Treatment of the Rotating 
Field *'). Figs. 160 and 161 show how to plot out the flux density 
for one number of poles, say, for the 14-pole arrangement, assuming 
31 phases and 93 slots. The phase difference between adjacent 
groups of bars in the 14-pole arrangement will obviously be 


— X 360®. In Fig. 160, CD is a vector representing in magnitude 
and phase of any one current band due to the upper layer of the 



winding alone, due, that is, to the upper conductors in three neigh- 
bouring slots, the three equal parts into which the vector is divided 
indicating the ampere-conductors due to the respective slots. DF, 
7 

set off at an angle 360®, similarly represents the ampere-bars 

or magnetomotive force of the next band of the upper layer. The 
magnetomotive force of the whole winding can be plotted in similar 
manner. The figure shows a part only of the polygon which will be 
obtained. For the polygon does not close when the sum of its 
exterior angles a amount to approximately 360® — ^in fact, because 
the phase number is prime, not until the exterior angles total 
7 X 360®. The ends of the vectors lie on a circle. A radial line from 
the centre of this circle to any point in the polygon represents 
vectorially the magnitude and phase of the flux density in the air- 
gap due to the upper layer of the winding alone at the corresponding 
point of the circumference of the machine. Thus OC represents the 
flux density in the teeth at, say, the right of slot 1, OD that on the 
right of slot 4, and so on. The lower layer of the winding, however, 
has so far been disregarded. Suppose the pitch it is desired to find 

IS— (5510) 
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is 1 — 8. Consideration of a winding diagram, such as those m 
Figs. 154 and 155, will show that the lower layer of conductors in 
slots 1, 2, and 3 will be carrying currents equal and opposite to those 
in the upper layer of conductors in slots 8, 9, 10, or, if the pitch is 
10, the lower layer currents will be equal and opposite to the upper 
layer of slots 10, 11, 12. Taking 8 as the pitch the flux density 
beside slot 1 will be the difference of the vectors OC and OE-^. This 
difference is represented vectorially by CE^, which, therefore, repre- 
sents the resultant flux density beside slot 1 due to the whole 
winding. 

In Fig. 161, vectors <9 - CFj, O - C^E^, 0-CJF, 0-DFy, etc., 
are set out from a centre O equal and parallel to the vectors CE^, 
C^E^ C„F, DF-^, etc., of Fig. 161, and the junction of their ends gives 
a second polygon of which the radii represent resultant flux density. 
Points on this polygon diametrically opposite represent points 
distant by a pole pitch in the actual machine. Because the pitch 
chosen is not an exact multiple of the tapping pitch, the polygon of 
Fig. 161 has twice as many sides as that of Fig. 160, being similar 
to it but with the comers cut off. 
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It will be seen from this figure that the mesh sections are inter- 
mediate in phase between the star sections, e.g. section 2 is inter- 
mediate in phase between sections 1 and 3, and so on ; thus, although 
the winding connected as in Fig. 162 requires only four terminals, 
the E.M.F.'s across the various sections are nevertheless in eight 
distinct phases. 

Again, it was found in most cases that while this method of 
connection might suffice to double the number^ of phases on a 
particular number of poles, yet, in order to produce the same result^ 
on another number, the whole or many of the sections must bC^ 

disconnected from one another 
and reconnected in a different • 
order. Thus it would feem that^ 
we have only simplified the 
transformation in order to com- 
plicate the switching. 

The method of reversal and 
the star-mesh method may be 
combined, and thus we ma}^ 
obtain windings in which the 
E.M.F. across the sections has 
four times as many phases as 
that supplied to the terminals. 

After a very large amount 
of research, extending over a 
considerable period of time, a 
winding was found in which this result could be accomplished, not 
on one number of poles only, but over a large series of numbers 
covering a speed range of 3 — 1 or more, without reconnecting the 
winding in any way when changing the numbers of poles. This 
winding is shown in Fig. 163 for the case of 36 sections, 18 of which 
are connected in mesh and an equal number connected in star to the 
angles of the mesh, alternate sections in the mesh being mutually 
reversed and alternate sections in the star being also mutually 
reversed, the mesh sections alternating with the star sections around 
the circumference of the machine. 

The winding shown in Fig. 163 (containing only 18 terminals) 
can be used on all numbers of poles from 6 to 16, and is, with a slight 
further modification, also capable of being used on further numbers 
of poles from 20 to 26, 

This connection, therefore, gives us not only a winding of a very 
simple character with a moderate number of terminals (18) capable 
of reconnection in a simple manner for a large number of different 
numbers of poles, but it also gives us the characteristic which was 
shown above to be desirable, viz. that of having an approximately 
constant flux on all numbers of poles. It is difficult to explain the 











198 THEORY AND DESIGN OF ELECTRIC MACHINES 


cause of this in a simple manner, but one may say briefly that it is 
due to the fact that the number of sections in series between ter- 
minals having a given phase difference of, say, 120°, becomes gradu- 
ally greater and greater as we increase the number of poles, or 
decrease the speed, so that as the rate of rotation of the flux wave 
gets less and less, due to the decreasing speed of the motor, the 
voltage across any section having a given number of turns also 
becomes less and less approximately in the same proportion, and 



Fig. 164 


thus about the same flux is needed to balance this voltage at all 
speeds. 

For reasons of economy in the number of supply phases needed, 
and also where a winding is to serve as a secondary on one pole 
number in addition to acting as a primary on another, it is often 
an advantage if several terminals of the winding are connected to 
the same phase of supply. The number of terminals connected 


together is the common factor of n and where n is the num- 

ber of star sections and p the number of pole pairs. From the 
characteristics of the winding already set forth, it is apparent that 
the number of sections must be divisible by 4, i.e. n must be even. 

If ^ is odd, then whenever p is also odd ( ^ ^ j is even and will have 

a common factor with n of at least 2, i.e. on odd numhers of pole 
pairs the terminals will be connected at least in pairs. There are 
then sometimes four times as many different phases in the sections 
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of the winding as there are in the supply. If — is even, then the 

terminals will be connected in pairs on even numbers of pole pairs. 

As an example of the use of this type of winding for variable 
pole working. Fig. 163 shows a winding W of 36 sections, together 
with the transformer and a controller Cq necessary to enable 
it when supplied from 3-phase mains to produce 6 , 8 , 10, 12, 14, or 
16 poles. The supply mains are connected to the alternate angle 



Fig, 165 


Li, Lg, T 3 , of the transformer. The controller consists of four 
9-pole 2-way switches, and one 2-pole 2 -way switch. The contacts 
and knife blades of the switches are connected to the tappings of 
the transformer or the sections of the winding whose numbers they 
bear, the connections being omitted for simplicity. The 2-pole 
switch serves to reverse the order of connection of the supply mains 
to the transformer, and in conjunction with the other four switches 
brings about the changes in the phase of the sections shown in 
Figs. 164 to 169, in which figures the direction in which each sec- 
tion is drawn represents its phase as above explained. The two 
positions of the respective switches are indicated by the letters 
A — J respectively. If A , C, and I alone are closed the winding has 
the phases shown in Fig. 166, it has 6 parallels and produces 6 poles. 
If B, D, and J are closed the winding is connected as in Fig. 168 and 
gives 8 poles. If A, B, and I are closed, the winding is connected as 
in Fig. 165, has two parallels and produces 10 poles. If C, E, and 
J are closed the winding has the phases shown in Fig. 167, has three 
parallels and produces 12 poles. Ji A, F, and I are closed the 
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winding has the phases indicated in Fig. 164, has two parallels and 
produces 14 poles. Finally, if switches G, i?, and I are closed the 
phases of the winding are those shown in Fig. 169, and the wind- 
ing produces 16 poles. Examination of the figures will show that 
in all of them the winding retains the connections between its sec- 
tions shown in Fig. 163. It is only the connections to the supply 
that are changed. 

The following rule is of great importance in understanding the 
relations between the phases on different pole numbers. 



If the winding comprises r equally spaced groups of P + ^ sec- 
tions each, the relative phases of the sections in each group will be 
the same on P pole pairs and Q pole pairs. The relation between 
their actual phases may be expressed by saying that for Q pole 
pairs as compared with P pole pairs each group is '' reversed ” 
round one of a set of r equally spaced axes, of which the first, round 
which group 1 is reversed, passes through section 1 of that group, 
and those round which the remaining groups are reversed are to be 
taken in the same order as the groups, i.e. group 2 reverses about 


an axis differing — in position in space from the first axis, group 3 

Y 

about one differmg — , group n round one differing . By 

the statement that a group of sections is " reversed '' about a 
particular axis in space in changing from P pole pairs to Q pole 
pairs, the relative phases of its sections remaining unaltered, is 
meant that any section distant by a given amount in a clockwise 
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direction on P pole pairs has the same phase as a section distant 
by the same amount in a counter-clockwise direction on Q pole 
pairs. 

Thus concisely stated it is not very easy to grasp, and it will be 
desirable to devote further space to elucidating it. 

If the winding comprises r equally spaced groups of P Q sections 
eadh^ the relative phases of the 
sections in each group will be 
the same on P pole pairs and 
Q pole pairs. 

Fig. 163 shows a winding of 
36 sections. Consider the phase 
changes as between the 8-pole 
connection (Fig. 168) and the 
10-pole connection (Fig. 165). 

Here we have P + (^ = 4 + 5 
= 9. In a winding of 36 sec- 
tions there are 4 groups of 9 
sections ; r = 4. The groups 
are to be equally spaced : thus 
group 1 consists of section 
numbers 1, 5, 9, 13, etc. ; 
group 2 of section numbers 
2, 6, 10, 14, etc., and so on. 

Now we have to consider the relation of the phases of the sections 
in these groups on 8 and 10 poles. Then simply write down the 
phases of the sections. 



Fig. 167 


Section 

Number 

Phase on 

8 poles 10 poles 

Section 

Number 

Phase on 

8 poles 10 poles 

1 

0 

0 

19 

0 

180 

2 

40 

50 

20 

40 

230 

3 

80 

100 

21 

SO 

280 

4 

120 

150 

22 

120 

330 

5 

160 

200 

23 

160 1 

20 

6 ! 

200 

250 

24 

200 ! 

70 

7 

240 

300 

25 

240 

no 

8 

280 

350 

26 

280 

170 

9 

320 

40 

27 

320 

220 

10 

0 

90 

28 

0 

270 

11 

40 

110 

29 

40 

320 

12 

80 

190 

30 

1 80 

\ 10 

13 

120 

240 

31 

120 

60 

14 

160 

290 

32 

160 

110 

15 

200 

340 

33 

200 

160 

16 

240 

30 

34 

240 

210 

17 

280 

80 

35 

280 

260 

18 

320 

130 

36 

320 

310 
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The phases of the sections of group 1 are in italics. They are, 
on 8 poles, 0°, 160®, 320®, 120®, and so on. On 10 poles they are 
also 0®, 160®, 320®, 120®, and so on. But it will be noted that in 
putting down the phases on 8 poles the sections are also in order 
clockwise, section 1, 5, 9, 13, etc., and to find the corresponding 
phase on 10 poles we take the sections in anti-clockwise order, 
1, 35, 29, 25, and so on. The actual phases happen to be the same 
•n the two cases. But the rule says only that the relative phases 
of the sections in each group will he the same on P pole pa%rs and 



Fig. 168 


Q pole pairs. Try another group. Group 3 is in heavy type. The 
phases of the sections of group 3 on 8 poles are 80, 240, 40, 200, 
and so on. 

The phases of the sections of group 3 on 10 poles are 100, 260, 
60, 220, and so on. 

It will be noted the sections have again been taken in opposite 
order on 10 poles. It wiU also be noted that the relative phases 
of the sections are the same on both pole numbers ; the actual 
phases differ by 20®. 

The relation between their actual phases may he expressed by saying 
ihatf for Q pole pairs as compared with P pole pairs, each group is 
reversed ** round one of a set of r equally spaced axes. 

Is this the case ? The axis round which group 1 is ** reversed " 
passes through section 1 of that group, so that the phase of section 1 
remains the same. Now what does " reversed mean ? It means 
that any section distant hy a given amount in a clockwise direction 
on P pole pairs has the same phase as a section distant by the same 
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amount in a counter-clockwise direction on Q pole pairs. 
tion 5. Its distance from section 1, i.e. from the " axis '' is 


Take sec- 
4 X 360° 
36 


= 40° in a clockwise direction. On P ( = 4) pole pairs it has the 
phase of 160°. This is to be '' the same phase as a section distant 
by the same amount in a counter-clockwise direction on Q pole 
pairs." Which section is 40° distant from the axis in a counter- 
clockwise direction ? Section 33. What is its phase on Q ( = 5) 
pole pairs ? 160°. 



Fig. 169 

Take another group. The axes round which the remaining groups 
are reversed are to he taken in the same order as the grotips, i.e. group 2 

rr 

reverses about an axis differing — in position in space from the first 

2tt 

axis, group 3 about one differing — , and so on. Take group 3, The 

277 

axis about which it is to be reversed is = 90° from the axis 

about which group 1 is " reversed " i.e. is 90° from section 1. Con- 
sider section 7, which is a section of group 3. Its angular position 
6 

is — X 360° = 60° clockwise from section 1 . It is, therefore, 330° 
ob 

measured clockwise from the axis about which group 3 is to be 
" reversed." Its phase on P (== 4) pole pairs is 240°, What section 
is 330° from the axis measured couNXER-clockwise ? Obviously, the 
section which is 30° from the axis measured clockwise, i.e. the sec- 
tion which is 120° from section 1 ; that is section number 13. The 
phase of section 13 on Q (=5) pole pairs is 240°. 
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The first portion of the rule is easily proved. It has been pointed 
out in Chapter XV above that, if we have two fields of P pole pairs 
and Q pole pairs respectively, they will induce E.M.F.’s in any 
conductor, which will coincide in phase at P Q points, and 
hence, the relative phases of the E.M.F.'s in the sections of such a 
group oi P Q sections must be the same on P pole pairs as on 
Q pole pairs, forming a balanced P + <? phase system if we assume 

that P and Q have 
no common factor. 
Hence, suppose that 
the phases of the 
E.M.F.’s in one sec- 
tion or conductor 
(say section 1) are 
brought into coinci- 
dence as can always 
be done, then if 
both fields revolve 
in the same direction 
any section distant 
by a given amount 
from section 1, in a 
clockwise direction, 
has the same phase 
on P pole pairs as a 
section distant by 
Fig. 170 the same amount in 

a counter-clockwise 

direction has on Q pole pairs. But the proof of the remainder of 
the rule is so complex that it has to be omitted. What has already 
been said should be sufficient to make the meaning and accuracy of 
the rule clear. 

A further simplification is possible where, for instance, only odd 
numbers of pairs of poles are required, and, consequently, dia- 
metrically opposite sections are always opposite in phase on eyery 
number of poles which a machine is required to give, amd, therefore, 
may be permanently connected in series, mutually reversed. 

The winding of such a madiine is shown in Fig. 170, and, as will 
be seen, has only 9 terminals, capable of operating on 2, 6, 10, and 
14 poles, and, with a slight further modification, on 22 and 26 poles. 
This winding is, probably, the simplest known multi-speed winding. 
It requires no more than 9 phases, while the original winding may 
require 18 phases. 




CHAPTER XXIII 

THE PHASE CONVERTOR 

Having described how the difficulties connected with designing a 
multi-speed winding have been overcome by means involving the 
use of a phase transformer or convertor, it will next be desirable 
to describe how this apparatus is constructed in practice. In cer- 
tain cases, e.g. where a single motor is operated from a generator 
which serves no other 
purpose, as in ship pro- 
pulsion, no such trans- 
former is needed, as there 
is no difficulty in winding 
the generator for the num- 
ber of phases required, 
but in the majority of 
cases the machine, if it is 
to be of any practical use 
whatever, must operate 
from a power supply hav- 
ing, say, not more than 
three phases, and, hence, 
it is of vital importance 
to the practical success of Fio. I7l 

the apparatus that this 

phase transformer should be not merely technically satisfactory, 
but should also be capable of being buUt at a very moderate price. 

By restricting the number of phases to multiples of three, the 
transformers to be excited from a 3-phase circuit may be simplified 
very materially, and it will be convenient to describe the transformer 
as used in connection with the winding previously referred to. This 
transformer does not differ externally in any way from the standard 
3-phase core type transformer, built in the usual way with 
three exactly similar limbs. The connections, however, are as shown 
in Fig. 171, in which all the windings shown by lines parallel to one 
another are considered to be wound on the same limb of the trans- 
former. Since the wmdings shown in this figure are drawn parallel 
to three straight lines at 120°, it follows that only three such limbs 
are needed. 

If we take a 3-phase transformer having two secondary sections 
on each limb, and connect these sections in the manner shown, 
which may be called a hexagon connection, we obtain an apparatus 
from which 6-phase currents may be derived by bringing out 

205 
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terminals from the comers of the hexagon. If, however, we tap the 
sides of the hexagon in the manner shown, winding on the three 
limbs, in addition, six small auxiliary sections to be connected 
to the comers of the hexagon, it is possible without further elabora- 
tion to obtain no less than 18 phases, as has been amply proved in 
practice, the tappings shown in the diagram lying in a circle. 

So far, we have regarded the hexagon winding with tappings as 
being the secondary, and have assumed that there is a primary 
winding which carries the 3-phase currents. But if no voltage 



transformation is needed, as in this case, a separate primary is not 
needed, for the primary terminals may be connected direct to 
alternate comers of the hexagon, or even, in order to save extra 
terminals, to the extremities L^, L^, of three of the small auxiliary 
sections wound on the transformer and corresponding to the 
secondary terminals T^, T 13 . This latter plan is adopted to 
avoid the necessity of bringing out three extra primary terminals. 

By using the apparatus as an auto-transformer in this way we 
at once abolish the whole of the primary windings, and, therefore, 
reduce the amount of copper on the transformer to half, or, in other 
words, double the rating of a transformer of a given size. 

We do more than this, in fact, because the primary and secondary 
currents flowing in opposite directions in the same windings give a 
resultant which is very materially less than the secondary current 
alone. This is exemplified in Fig. 172, which shows the currents in 
the sections of the 30-phase transformer, which formed part of the 
original experimental machine which was constructed to test the 
present method of speed variation in its earliest form, being 

the 3-phase terminals. 
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It will be seen that the current in the neighbourhood of the 
3~phase terminals is much greater than at points intermediate 
between them, and, in fact, falls off to less than one-half at a point 
midway between the terminals. 

Fig. 173 shows a similar curve for more recent 9-phase and 18- 
phase transformers. The same reduction in current per section at a 
point intermediate between the 3-phase terminals is noticed 

here, and the analogy between 
the reduction of current in 
these transformers and the 
similar reduction which takes 
place in the armature of a 
rotary convertor in sections 
intermediate between the tap- 
ping points may be referred to. 

As a result of this further 
reduction a phase transformer, 
to transform a given amount 
of power, say, from 3 to 9 or 
18 phases, will require a size 
of transformer of only between 
30 to 40 per cent of the rating 
of the transformer which will 
be required to convert the 
same amount of power, say, 
from one voltage to another. 

Still another economy which 
has the effect of still further 
reducing their capacity can 
be effected in the use of 
these phase convertors. In 
a constant torque motor giving a horse-power proportional to 
the speed, the amount of power taken will also be approximately 
proportional to the speed. For instance, the power taken at 
750 r.p.m. will be only 0-75 times the power taken at 1,000 r.p.m., 
and if we can arrange the winding of our motor so that it is directly 
connected to the line when operating at 1,000 r.p.m., the phase 
convertor not being used on that speed but coming into operation 
for the first time only at 750 r.p.m., we shall be able ,to reduce 
its capacity to 0-75 times the. value which would be needed to 
supply the power required at 1,000 r.p.m., making it only 22 
to 30 per cent of the capacity required to transform the whole 
power. 

Curves, such as that of Fig. 173, may also be calculated by 
means of a vector diagram. For the case of a 3-phase primary 
and a secondary number of phases, also divisible by three, and 
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symmetrically placed with respect to those of the primary, the 
following rule^ has been developed. 

Draw an equilateral triangle ABC (Fig. 174), each of whose sides 
is divided into three parts, AD, DE, EB, and similarly for the other 
two sides. Let the three central sections ED, etc., be proportional 
to the primary currents Jg, /s, supposed equal and balanced. 
The six outer sections are all equal and of length : 


where 


3E^ - 2n E 2 sin 
( 2 nE 2 sin ~ j 

^ . (Fne volts) 

= primary star volts — j 

£*2 = secondary star volts (radius of circle of second- 
ary voltage vectors OT^, OT 2 , OT 2 , OT^, etc.) 

n = number of secondary phases. 


From the points E and H set up perpendiculars intersecting in L 
from D and G perpendiculars intersecting in N. From L as centre, 
draw an arc of a circle passing through E and H. From M as centre, 
draw an arc of a circle passing through G and D. From N as 
centre, draw an arc of a circle passing through F and 7. Each of 
these arcs will span 120°, or one-third of the circumference. Divide 
each of these arcs into n/3 parts (Fig. 176). Find the centre of the 
circle circumscribed to the triangle. From the centre draw radii 
to the points obtained, by dividing the three arcs into nl3 parts. 
These radii measure in magnitude and phase the currents in the 
consecutive sections of the winding. 

In order to understand clearly the meaning and application of 
the diagram, let us apply it to the simple case in which 7i = 3, and 
the delta connected coils of the primary are simply tapped in the 
middle. 

In this case the formula gives us 

== JEj 
X = li 

and the current diagram is as in Fig. 175. 

In this simple case it is not hard to show that the current dia- 
gram is derived from the potential diagram by the application of 
Kirchhoff's law that, the sum of the currents flowing towards a 
tapping point is zero." Let P, Q, R, S, T, U be the tapping points. 


^ This rule assumes that the phase relation between the primary current 
and voltage is the same as that of the secondary, and neglects losses and 
leakage. 



THE PHASE CONVERTOR 


209 
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Let 


DC be the current 

CF 

FE 

EB ,, , 

BA , , > j 

AD 


inflowing at P 
outflowing at U 
inflowing at R 
outflowing at T 
inflowing at Q 
outflowing at S 


Assume, for instance, a purely wattless load, both primary and 
secondary currents lagging 90°. 


Then OC will be the current in PD 





OF 


> » 

j 1 j 

UR 




OE 



*3 3 

TR 




OB 


, , 

3* 3 

QT 




OA 



>• 3 . 

QS 




OD 


^ > 

*3 >4 

SP 

For at 

P, DC 

CO OD 

0 


At U. 

CF 

+ 

FO 

+ 

OC 

0 


R. 

FE 

+ 

EO 

+ 

OF 

0 


T. 

EB 

+ 

BO 

+ 

OE 

0 


Q. 

BA 

+ 

AO 

+ 

OB 

= 0 


s. 

AO 

+ 

DO 

+ 

OA 

-= 0. 



Hence the current diagram satisfies Kirchhoff's law at all the 
tapping points, and it is clear that no other diagram could do so. 

From this simple case a more general rule is now apparent for 
forming the current diagram, which is now applicable even to 
unsymmetrical figures. 

“ Set off the currents flowing in at all tapping points in order, 
so as to form a closed polygonal figure. Radii from the centre^ of 
this figure to its vertices give the current in successive sections. 

In forming this polygon we must remember that at the instants 
in which currents are flowing into the primary tappings they are 
flowing out of the secondary tappings. 

Similarly, the general rule first given may be applied to the case 


E 

where n == 6, giving Fig. 178. The formula gives .-v = \ I^, 

As applied to a 3-phase — 30-phase transformation the formula 


gives ^ ^ -46511, ^md results in Fig. 176. 

It is clear from the above diagrams, and the general rule given, 
that the current distribution within such a phase convertor depends 
only on the currents at the tapping points both primary and 
secondary, and not in any way on the connections of the phase 


^ The “centre" of an unsymmetrical figure is a point such that the vector 
sum of all radii drawn from it to the figure is zero. 
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convertor. We can, in fact, draw the diagram complete as soon as 
we know the primary and secondary currents and their phase 
relation without any knowledge of the arrangement of the phase 
convertor. All phase convertors, in which primary and secondary 
currents flow through a number of taps in windings forming a 
closed circuit, have the same currents in the sections intermediate 
between corresponding taps. 

It is sometimes, for instance, desirable, in such a phase convertor 
as that shown in Fig. 177, to feed-in the primary current at points 
other than that corresponding to the vertices of the potential tri- 
angle or to vary the primary feeding in point, to vary the secondary 
star voltage. This does not in any way alter the current distribu- 
tion relative to the feeding-in points, although, of course, as we alter 
the feeding-in points the current in any given section will change. 
It is, therefore, possible to wind the different sections of the trans- 
former with windings of varying cross-section proportional to the 
maximum currents which they are likely to be called on to carry. 
These currents may be approximately determined by the above 
method of calculation. If the coils are proportioned in this manner, 
those coils nearest the tapping points will be of far heavier cross- 
section than any of the others, or in the case where the primary 
tapping points are variable, all those coils which may be near the 
tapping point in any of its positions. 




PLATE VI PLATE VII 

Phase convertor* (three to eighteen phases) Pear view (showing phase convertor) of controller 

for machine shown in Plates I, IV, and Y shomi in Plate VI 


CHAPTER XXIV 

THE PRACTICAL DESIGN OF POLE CHANGING APPARATUS 


The controller. The only part of the equipment still to be described 
is the controller needed to effect the changes of connection between 
the phase transformer and the motor. 

Different types of controller are, of course, required for different 
speed combinations. It is very easy to obtain combinations giving 
rise to very complicated circuits, but if care is taken to use the speed 
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combinations best adapted to known types of winding and to 
choose the types of winding best adapted for the speeds required, 
the following rule for 3-phase circuits may be enunciated — 

A 3-phase multi-speed, motor, for any number of speeds up to six^ 
will require three times as many terminals as there are speeds. 

That is, a multi-speed motor with a single winding on each mem- 
ber may be built for any number of speeds up to six, requiring no 
more terminals than if each speed were produced by a different 
winding. This does not mean that any arbitrary selection of num- 
bers of poles can be built with no more terminals than these, but 
that by suitably choosing the numbers of poles within the range of 
3 — 1 , these results may be obtained. 

For instance, the winding described above (see Fig. 170) is usually 
arranged for 6, 10, and 14 poles, and requires 9 terminals, thereby 
obeying the rule, but a winding arranged for, say, 8, 10, and 14 
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poles, would not obey the rule, although windings for 6, 8, 12, or 
6, 10, and 12, cotild be designed to obey it. 

There is thus an amply sufficient selection of combinations for 
practical purposes, although there are a few abnormal combinations 
which fall outside the rule. Further research is rapidly lessening 
the munber of these combinations. 

A series of combinations adjusted with great care so as, on the 
one hand, to lend themselves to simple control, and on the other to 
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cover most requirements, is shown in Fig. 181. covering speed 
ranges on 50 periods as follows — 

1500/1000/750 . Drum F 
1000/750/500 : Drum F 
750/500/375: Drum F 
750/600/500 : Drums F + G 
1000/600/428 : Drum A 
1000/750/600/428 : Drums A + C 
1000/750/600/500/428 : Drums A + B + C 

It will no doubt be agreed that these combinations cover practic- 
ally everything that is needed, and the control of all of them is 
sufficiently simple to be dealt with by a drum controller. Figs. 179 
and 180, in fact, show diagrams of the drum controllers which are 
used to give these combinations, and it will be seen that all, ex- 
cept that for the 5-speed machine, are simple pieces of apparatus 
requiring only a single drum. The 5-speed machine is usually 
built with two drums geared together, and forms the only case in 
which this is necessary, while in Fig. 181 has been assembled a 
series of speed/torque curves giving one example of each speed 
combination. 

An important point in connection with these machines is, of 
course, the cost as compared with other means of producing the 
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same results. In Fig. 182 is given a curve, for different horse- 
powers, for machines of this type as compared with a slip-ring 
induction motor with its control gear. This curve ignores entirely 
the enormous economy of current secured by an apparatus of 
approximately constant efficiency on all speeds. 

These controllers are suitable for small to medium sized motors, 
up to 200 h.p. The larger sizes, say, from 200 h.p. to 800 h.p., are 
rather beyond the scope of a drum controller, and, consequently. 
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an apparatus of a different type is employed. In Fig. 183 is shown 
such a large controller, from which it will be seen that the controller 
consists of a slate panel bearing what are essentially four, nine- 
bladed 2- way switches with vertical axes. The switches are of the 
finger type as in drum controllers, and bear on studs mounted in the 
panel. They can be clearly seen in the lower half of the figure, 
while on the right and left of these switches are the terminals for 
the phase transformer and motor, respectively. The switches are 
opened and closed in the proper sequence by means of cams which 
appear immediately above the switches. For each speed, two of the 
switches make contact, thereby connecting the 18 terminals of the 
motor to the line or the phase transformer, in the different ways 
appropriate to different speeds. 

It is found, by taking advantage of the following fact, that the 
switching may be simplified. One half of the connections for one 
number of poles, say 8, with the machine running clockwise, are 
identical with half the connections for another number of poles, 
say 10, with, the motor running counter-clockwise. It conduces to 
simplicity of switching, therefore, if we make no change in these 
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connections in changing from 8 poles to 10 poles, but merely inter- 
change two of the 3-phase lines, by means of the two contactors 
shown in the upper half of the panel which perform a quadruple 
function, as detailed below. 

1. They serve to reverse the 3-phase connections when this is 
required, in order to economize switching. 

2. They are fitted with overload relays (shown immediately 
below them), so that they perform the function of a circuit breaker. 

3. In changing from one speed to the next in any multi-speed 
motor, it is necessary to open the circuit which, in most forms of 
switchgear, gives rise to a certain amount of arcing. 

(It is a good practice in all such cases to open the circuit first. 



by a special switch designed with adequate blow-out apparatus, 
etc.> to avoid arcing ; then, while the motor circuits are completely 
dead, to change the connections, which may, of course, be done 
without any arcing, because they are not carrying any current ; 
and, lastly, to close the main circuit again through the switch 
specially provided for that purpose. The contactors shown in the 
figure perform this function also.) 

4. The small SAvitch on the right serves to open the contactor 
magnets, and causes them to act as a line switch, isolating the whole 
of the apparatus from the line as soon as it is opened. 

The coimections on the back of the board are not unduly com- 
plicated, and are carried out by means of bare copper rods about 
i^in, diameter, in the standard manner. A mechanical interlock 
formed by the vertical rods below the contactors is fitted between 
the contactors and the camshaft by means of an auxiliary shaft 
geared to the camshaft, in the ratio of 1 to 4. 

The operation of this interlock is as follows : On making a slight 
movement of the controller handle, the contactor magnets are 
opened. No further movement is possible until both the contactors 
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are fully opened. When this has taken place the shaft is freed, and 
on moving it further the cams begin to move and alter the adjust- 
ment of the main switches. When the handle of the controller has 
moved, say, 180®, then the adjustment has been completed and the 
magnet circuit of the contactors is re-energized, closing them when 
the machine continues to operate on the new number of poles. 
Although these operations take rather a long time to describe, they 
do not, in practice, take more than one second. 

Characteristics of the equipment. We now come to the descrip- 
tion of the characteristics of machines of this type which are 



rendered available by the system of control just described. As has 
already been pointed out, squirrel-cage motors of the multi-speed 
type can find a very much greater field of utility than when used 
on a single speed only, since the chief drawback is almost com- 
pletely overcome in the multi-speed form. This advantage, of 
course, relates to the starting 

Consider, for instance, a 2-pole and a 4-pole motor, both having 
the same air-gap density. In the former there will be only two 
conductors in series, each lying in the middle of the pole face, and 
the 4-pole motor will have four such conductors. If, therefore, we 
send the same current through the four conductors as through the 
two conductors, we shall obtain twice as much torque in the 4-pole 
machine as in the 2-pole machine, or, alternatively, for the same 
torque the 4-pole motor will require only half as much current ; 
hence, if we can arrange a motor so that it starts on four poles and 
runs on two poles, to obtain a given starting torque it will take 
only half the starting current that it would require if it started on 
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two poles. This is the origin of the very greatly improved perform- 
ance of the squirrel-cage motor when used as a multi-speed machine. 
In squirrel-cage motors having a speed range of two to one, or 
more, it is always possible to obtain full-load starting torque with 
not more than twice full-load current. All machines, of whatever 
size, having the same speed range, are capable of this ratio of start- 
ing torque to starting current, but if switched straight on to the line 
larger machines frequently take much greater current and give 
corresponding greater torque. In most cases, therefore, the use of 
an auto-transformer is necessary with large machines. This may be 
seen from Fig. 184, in which is shown starting torque plotted against 
starting current for a 4-, 6-, and 8-pole motor. It will be seen that 



with the 8-pole connection the machine gives 1*7 times full-load 
torque with twice full-load current. With a 6-pole connection it 
gives 2-4 times full-load torque with 3-6 times full-load current. 
With a 4-pole connection it gives 3 times full-load torque with 
8*6 times full-load current. 

Another point frequently arising with multi-speed squirrel-cage 
motors relates to the current rush on changing speed and the rate 
of acceleration from one speed to the next. Both these factors are 
under exact control by the use, in series with the motor, of primary 
resistance, which, of course, has the effect of reducing the voltage 
during the change of speed. 

Returning to Fig. 183, in order to make use of this method of 
regulating the rate of acceleration between speeds, there is fitted 
on the panel by the side of those shown a third contactor which 
opens when they open, and which closes, due to the action of a 
dashpot, a few seconds after they close. This third contactor, when 
closed, bridges three resistances each placed in series with one of 
the lines ; hence, directly the contactor opens, these resistances 
are placed in circuit, being adjusted to produce any desired rate of 
acceleration. They remain in series with the line during the opera- 
tion of changing speeds, and are cut out when this operation has 
been completed. 
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In Fig. 196 are shown the current surges produced in changing 
speed in a squirrel-cage motor arranged for all numbers of poles 
between 8 and 16, both with and without (dotted curves) a similar 
device, substituting an auto-transformer for the resistance. It will 
be seen that by its use the maximum current surge is reduced to 
about one-half. 

In a motor having a wide speed range, the lowest speed steps are 
very small, and there is seldom any need for such a device. It is 
on high speeds, however, that it is needed. The figure illustrates 
the marked reduction in the current surge on these higher speeds 



(shown towards the right of the figure), the device, of course, being 
adjusted to suit this case. 

This method of starting and changing speed can be employed 
in motors up to several hundred horse-power, and renders the 
squirrel-cage motor adaptable to a vast variety of purposes for which 
it has never been found possible to use it before. 

To sum up. the sequence of operations to change speed, in the 
case of a squirrel-cage motor, for instance, would be as follows — 

1. The first movement of the controller handle causes the con- 
tactor to open, thereby cutting off the supply from the installation 
and rendering it '' dead." 

2. A further movement of the controller handle opens the 
" switch units," and recloses them in the correct combination to 
suit the next speed, and. as the supply is cut off meanwhile, the 
change takes place without any sparking. 

3 When the controller handle has been moved to the notch 
corresponding to the speed desired, the contactor closes again and 
the circuit is re-established, the whole operation of changing speed 
taking approximately one second and being accomplished by one 
movement of the controller handle. In Fig. 185 is showm a series 
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of circle diagrams for such a multi-speed motor operating on all 
numbers of poles from 6 to 16. and absorbing the same magnetiz- 
ing current in all cases. These diagrams assume that the leakage 
coefficient is proportional to the number of poles, thus being twice as 
great in a 12-pole machine as in a 6-pole one. It will be shown below 
that this assumption is very nearly fulfilled in this type of machine. 

This figure shows clearly the cause of the very great economy 
in starting current which is found in practice and was illustrated in 
Fig. 16. It will be seen that with 16 poles the motor takes about 
one-third of the starting current required with a 6-pole connection. 
Since the motor gives the same torque at all speeds, the ordinates 



to each circle represent the torque to a scale such that the torque 
represented by 1 mm. on the diagram is proportional to the num- 
ber of poles. Hence, in spite of the small current consumption, the 
motor can j^deld a powerful starting torque at the lowest speed. 

Slip-rmg motors. It is possible to design a rotor winding for a 
machine having any number of speeds which shall give genuine 
slip-ring control up to one of these speeds, for instance, the top 
speed, and operate as a short-circuited secondary winding on all 
other speeds. One convenient way of effecting this result is by 
using such a winding as is shown in Fig. 187, but permanently 
connected so as to be capable of direct connection to the line. It 
will be seen that, as so connected, the winding requires no more 
than three terminals and can, therefore, be connected to the usual 
number of slip-rings. 

On all other numbers of poles than six, however, the winding 
would require more than three terminals to enable it to be con- 
nected to any outside circuit, and if these terminals are short- 
circuited the winding is also internally short-circuited. Hence the 
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secondary currents which on 6-pole operation flow through the 
slip-rings, on any other number of poles flow through the internal 
circuits of the winding and do not pass through the slip-rings at all. 

By means of this construction a motor is produced w'hich can be 
arranged to be accelerated, by means of an ordinary resistance 
connected across its three slip-rings, from standstill to any one of 
its six speeds, starting, if desired, with from 2 to times full-load 
torque. On reaching the speed at which it is desired to run, a move- 
ment of the controller handle changes the number of poles of the 




motor to the desired value, when the currentb in the rotor winding 
are automatically diverted from the slip-rings and continue to flow 
in closed circuits in the winding. 

The operation of starting the slip-ring motor on any other than 
the top speed is, therefore, as follows — 

1. Set the controller to the starting position which will produce 
in the motor a number of poles corresponding to the top speed. 

2. Gradually close the starting rheostat, when the motor will 
speed up. 

3. When the motor has reached the speed desired, which will, of 
course, be less than top speed, move the controller from the starting 
position to the running position corresponding to the speed at which 
it is running. This wdll have the effect of changing the number of 
poles to that corresponding to the controller notch employed, when 
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the starter is automatically cut out as already described and the 
motor continues to run with its rotor short-circuited. 

4. The starter may now be open-circuited at leisure by the 
operator. 

A tachometer may be provided in order to enable the operator 
to know the proper moment to change from starting to running 
position. 

In Figs. 188 and 1 88a are shown some curves of efficiency and power 



Fig. 188a. 

Performance curves with normal low resistance rotor 


factor of a 70 h.p. motor arranged to give all numbers of poles from 
8 to 16. 

Fig. 188 shows curves corresponding to the results obtained when 
fitted with a high resistance rotor adapted to give the powerful 
torque required in connection with this motor. 

Fig. 188a shows corresponding curves for the same machine when 
fitted with low resistance rotor. 

Comparing these two sets of curves, a result will be noticed 
which at first appears rather strange, namely, that the efficiencies 
of the machine with a high resistance rotor and with a low resist- 
ance rotor are not very different for the same speed, while the 
power factor of the machine with high resistance rotor is a good 
deal less than that of the machine when fitted wdth low resistance 
rotor. 


DESIGN OF POLE CHANGING APPARATUS 223 


This is due to a method which can be employed in the induction 
motor to enable a High resistance rotor to be employed without 
loss of overall efficiency. The torque of the motor is, of course, 
proportional to the product of ampere-conductors by flux density. 
If, therefore, we compare two motors having, say, flux densities in 
the ratio of 1-5 to 1, then in order to give the same torque they will 
require a number of rotor ampere-conductors in the ratio of 1 to 
1-5, the machine having the stronger flux density requiring only 
two-thirds of the current in the rotor bars required by that ha\dng 
the smaller flux density.. Two-thirds of the rotor current means, 
of course, four-ninths, or less than half, of the rotor I^R loss and, 
consequently, if we desire the resistance loss to be the same in both 
cases, the machine with the stronger flux density may have 2 J times 
the rotor resistance of that with the weaker flux density. 

This method was adopted in the motor illustrated in the above 
figures, which by means of tappings on the transformer was adapted 
to operate with either a strong or a weak flux. The strong flux used 
with the high resistance rotor involves, of course, low power fac- 
tor. and this is the explanation of the nature of the curves shown. 
By using stalloy steel punchings the iron loss was reduced to such 
a small proportion of the whole that the increased iron loss due to 
the stronger flux produced only a negligible effect on the efficiency. 

Thus, by this process the squirrel-cage motor can be adapted to 
give any desired starting torque, without loss of efficienc 3 % wherever 
we are prepared to sacrifice power factor to obtain this result, or 
to use additional power factor compensation devices such as 
condensers. 

Power factor and efficiency. Referring to the curves given above, 
it may be seen that the characteristics of the machine as regards 
power factor and efficiency are, broadly speaking, as follows — 

The efficiency remains very nearly the same at all speeds, though 
there is a slight reduction at reduced speeds, due, broadly, to the 
fact that the losses remain approximately constant at all speeds, 
while the output, of course, falls off in proportion to the speed. 
In the larger sizes, this reduction in efficiency wdll seldom exceed 
5 per cent. The efficiency at top speed is, of course, practically the 
same as in a standard motor. The power factor also varies, as we 
change speed, to a somewhat greater degree than the efficienc 3 ^ 
this variation being due, broadly speaking again, to the fact that 
the magnetizing current remains the same at all speeds, while the 
true power input falls off proportionately to the reduction of speed. 
Again, in the larger sizes this variation will seldom exceed 10 per 
cent. 

The only thing which needs to be borne in mind from the power 
supply point of view is that these machines absorb a constant 
amount of wattless current at all speeds, and that this amount is 
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not greater than that absorbed by a standard machine having the 
same rating. Perhaps it may serve to make the matter clearer if 
we compare the equipment with a standard motor driving through 
a gear-box, a load which requires constant torque at all speeds. At 
top speed the motor is fully loaded and operates with its best power 



factor and efficiency. As the speed and the load are reduced by 
changing gear, the output of the motor falls off and with it the 
power factor and efficiency to some extent. To almost exactly the 
same extent do the power factor and efficiency of the equipment 
described fall off when the load is reduced ; in fact, the controller 
described above may be regarded as an electrical method of changing 
gear. 

Reference has been made above to the fact that the leakage 
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coefficient of these machines is practically proportional to the num- 
ber of poles, and in Fig. 189 are shown some curves of leakage 
coefficients plotted against the number of poles. These curves 
illustrate this feature. Such curves, it is beUeved, will be of consider- 
able interest to designers, and clearly could not be obtained from 
any other type of motor except one retaining an absolutely identical 
winding on all numbers of poles. Comparisons have frequently been 
made between motors having different numbers of poles, but this, 
of course, is not at all the same thing as in the case of a single 
multi-speed motor. 


15 — (5510) 





CHAPTER XXV 


SINGLE-PHASE POLE CHANGING APPARATUS 

In order to design a single-phase winding adapted to any set of two 
pole numbers, it is necessary first of all to pay attention to a few 
simple principles. 

1. Clearly, if there is a common factor between the two numbers 
of pole pairs, the circumference of the machine wall be divided into 
identical zones equal in number to the common factor. Hence, 
since these are identical, we need only consider those cases in which 
no common factor exists. 

2 The minimum number of slots adapted for a single-phase 
winding, arranged to give two diferent pole numbers, should be 
the product of these two pole numbers, though in some cases a 
multiple of the product of the numbers of pole pairs wall be satis- 
factory, for instance, a winding to give 4 and 6 poles, should have 
a multiple of 24 slots, and one to give 10 and 6 poles should have a 
multiple of 15 slots. 

Before describing further the principles on which these single- 
phase wdndings for two pole numbers are based, it will be convenient 
to describe in detail one or two simple cases. For instance, take a 
winding which is to be arranged so that it can operate on either 
10 or 6 poles. Assume it wound into 30 slots onty, as shown in 
Fig. 19Cfe for the sake of simplicity. Tabulate, side by side, the 
direction of the currents in the different slots, both for 10 and 
6 poles. 


Slot No 

10 Poles 

6 Poles 

Slot No 

10 Poles 

6 Poles 

1 

Down 

Down 

16 

Up 

Up 

2 



17 



3 



18 

99 


4 

Up 


19 

Down 


5 



20 

9 9 


6 


Up 

21 

9 9 

Down 

7 

Down 


22 

Up 

9 9 

S 

tt 

9> 

23 

9 9 

9 9 

9 

Up 

99 

24 

9 9 


10 

99 

25 

Down 

9 9 

11 


Down 

26 

9 9 

Up 

12 

fp 

99 

27 

Up 


13 

Down 

99 

28 

9 9 

14 

»» 

99 

29 

9 9 

9 9 

15 

9* 

99 

30 

9 9 
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In Fig. 190 the crosses may be taken to indicate the currents 
flowing down, and the dots those flowing up. It will be seen that 
in slots 1, 2, and 3 the current flows down on both 6 and 10 poles, 
while in slots 4 and 5 it flows up on 10 poles and down on 6 poles. 
In slot 6 it flows up on 6 and 10 poles, and in slots 7, 8, and 9 it 
flows up on 6 poles and down on 10 poles. In slot 10 it flows up 
both on 6 and 10 poles, while in slots 11 and 12 it flows up on 10 
poles and down on 6 poles. In slots 13, 14, and 15 it flows down 
both on 10 and 6 poles. In slots 16 to 30 the current is the same 
as in slots 1 to 15, but reversed in sign. 

Considering first slots 1, 2, 3, 6, 10, and 13, 14, 15, in which the 
current flows the same way on both pole numbers. Corresponding 
to these slots are slots 16, 17, 18, 21, 25, 28, 29, 30, in which the 
current distribution is the same but reversed. Hence it is possible 
to arrange a winding to fill these slots only. This is shown in 
Fig. 190 with terminals S^ — S^. 

Now consider slots 4, 5, 7, 8, 9, 11, 12, 19, 20, 22, 23, 24, 26, 27. 
Again we see that the number of slots in which the current flows 
up is the same as those in which it flows down. 

Hence a second winding can be arranged to fill these slots alone, 
shown in Fig. 190 with terminals jRl, R2. If this winding is con- 
nected in series with the first in one direction, we shall get as a 
result a 10-pole winding, and if it is connected in the opposite 
direction we shall get a 6-pole winding. 

Hence we shall thus arrive at a winding capable of use as either 
a 10-pole or 6-pole single-phase winding consisting of two separate 
windings in series, the change of pole number being effected by 
reversing one winding with respect to the other. 

Now many of the properties of the winding just pointed out are 
generally true. For instance that, in each of these component wind- 
ings, there must be as many slots in which the current flows up as 
there are slots in which it flows down, follows from the fact that 
the change pole winding, as a whole, is identical in connection 1, 
with a winding for R poles say, and in connection 2 with a winding 
for S poles say. In either the R pole or the S pole winding it is, 
of course, true that there are as many slots in which the current 
flows UP as there are those in which it flows down. In changing, 
therefore, say from the S pole to the R pole condition, we must 
reverse as many wires in which the current flows up as wires 
in which it flows down, or the previous statement could not be 
true for both pole numbers. Hence it must be true also for each 
component of the change pole winding. 

We may distinguish two different cases among numbers of pole 
pairs having no common factor. 

1. Cases in which both numbers of pole pairs are odd, 

2. Cases in which one is even and the other is odd. 





Reversing 



230 THEORY AND DESIGN OF ELECTRIC MACHINES 


Since it is always possible to divide both numbers of poles by 
two, the circumference may always be divided into two zones, each 
covering one half. 

Considering first the case in which both numbers of *pole pairs are 
odd, which we may call the symmetrical case, the distribution of 
both the mutually reversible component windings will be the same 
in these two zones, but opposite in sign. That is to say. considering 
any slot, no matter which of the two mutually reversible windings 
it carries, then a diametrically opposite slot will carry a current 
opi!)Osite in direction. Thus a wdnding of this character may be 
conveniently carried out by means of coils of diametric pitch. 

There is another class of winding which may be called the skew 
symmetrical class, in which the numbers of pole pairs are odd and 
even respectively — an example of this is a 4- and 6-pole winding, 
as shown in Fig. 191. Such a winding may be wound into 24 slots. 


Slot No. 

4 Poles 

6 Poles 

Slot No, 

4 Poles 

6 Poles 

1 

Up 

Up 

13 

Up 

Down 

2 



14 

I ^0 

1 9 

3 

Down 

Down 

15 

** 

Up 

9 9 

4 


16 

Down 

5 


9 9 

17 



6 

$P 

Up 

18 



7 


19 


Down 

8 


20 



9 



21 

,, 


10 

Up 

90 

Down 

22 

Up 

,, 

11 

23 


Up 

12 

” 


24 



In Fig. 191, as before, the dots may be taken to indicate current 
flowing UP, and the crosses, currents flowing down. Comparing the 
direction of the currents in these tables, we see that in slots 1, 2, 
10, 15, 23, and 24 the current flows up both on 4 and 6 poles, while 
in slots 4, 5, 6, 19, 20, and 21 it flows down on both 4 and 6 poles. 
In slots 7, 8, 9, 16, 17, and 18 it flows up on 6 poles and down on 
4 poles, while in slots 3, 11, 12, 13, 14, and 22 it flows down on 6 
poles and up on 4 poles. Hence, in this case also, we may join slots 
1, 2, 4, 5, 6, 10, 15, 19, 20, 21, 23, and 24 into one winding, shown 
in Fig. 191 as " non-reversing,'' there being as many slots in which 
the current flows up as there are slots in which it flows down, and 
the remaining slots into another winding shown in Fig. 191 as 
reversing," the latter being reversed with respect to the former 
in the change from 4 to 6 poles. 

The distribution of these two windings around the circumference 
is identical, and either winding may be produced from the other 
by displacing it bodily through half of the circurhference, In such 
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a skew symmetrical winding it is not true that a slot, diametrically 
opposite to a given slot, belongs to the same winding, and carries 
an opposite current. On the contrary, there is an axis of symmetry 
which, in the case of the winding described, passes midway between 
slots 12 and 13 and slots 24 and 1. If we consider any slot lying 
at a certain angular distance from the axis in a clockwise direction, 
and another slot lying at an equal angular distance from this axis 
in the counter-clockwise direction, it will be found that both these 
slots belong to the same winding. 

Thus we have definitely shown above in a perfectly general manner 
that each component winding contains as many conductors in which 
the current flows up as it does conductors in which it flows down. 

It follows, that for any two pole numbers whatsoever, a single- 
phase winding can be built consisting of only two parts, and capable 
of changing from one pole number to the other by reversing one of 
the parts with respect to the other. 

Finally, the precise construction of such a winding in a typical 
case may be described. 

Consider a winding arranged in 24 slots so as to be adaptable 
either for 4 or 6 poles, as shown in Fig. 191. It will consist of 
8 coils, four in each mutually reversible component of the wind- 
ing. Coil 1 will lie in slots 1, 2, 4, and 5 ; coil 2 in slots 6 and 10 , 
coil 3 in slots 15 and 19 ; and coil 4 in slots 20, 21, 23, and 24. 

All these coils are connected in series, and form one of the mutu- 
ally reversible components of the winding. The second component 
of the winding is identical in distribution with the first. The 
description already given will, therefore, apply to it if we add 12 
to each of the slot numbers just referred to. It will be seen that 
corresponding conductors of the two component windings lie at 
opposite ends of the diameter of the machine, the conductor corre- 
sponding to that in slot 1 being that in slot 13. 

Another method of securing reversal of one of these windings 
with respect to the other is the following — 

Since in the skew symmetrical type of wmding the portions of 
any winding, for instance, those whose terminals are 51, 52 lying 
on one side of the axis of symmetry, are exactly similar to those 
portions of the same winding lying on the other side of the axis of 
symmetry, it is possible to connect them in parallel as well as in 
series. 

Precisely the same remark applies to the winding whose terminals 
are i^l, R2, Owing to this possibility we may connect the two 
windings in a closed circuit. This closed circuit has four arms, 
there being a terminal at the extremity of each of these arms. 
These may be lettered P, Q, R, S, 

Branch PQ, for instance, may contain the coils A and B, and the 
branch SR may contain the coils C and D in parallel with A and B. 
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Let now the branch QR contain the coils E and F, and PS the 
coils G and H^ then, according as we switch the line on to the 
terminals QS or PR, the current in coils E, F, G, H will be reversed 
with respect to A, B, C, and D therefore. 

The windings so far described are essentially of the single-phase 
type, but in certain cases, by makmg use of two or more such 
windings wound in the same or alternate slots, a polyphase winding 
may be produced. We shall confine ourselves to the case of two 
windings giving rise to a resultant winding adapted for two phases 
in quadrature. If two such windings are to be used on two distinct 
pole numbers, they must be in phase quadrature with one another 
on both pole numbers, and not on one only. 

The windings of both phases will be identical in arrangement and 
in connection, but corresponding coils will be displaced from one 
another by a fraction of the circumference, say 1/nth. If the two 
windings are to be in quadrature on two numbers of pole pairs, 
R and S say, the following relation must subsist, namely, 

, X 180 ° 

n n 

k being an arbitrary integer. This relation cannot always be satis- 
fied, but for the case where R and S are both odd, for instance, say 
jR = 3 and S = 5, it can be satisfied by taking n = 4, that is, if 
the two windings are displaced by a quarter of the circumference. 
The type of winding in which both the pole pair numbers are odd, 
is that called above the symmetrical type. 

Hence it follows that two windings of the symmetrical type dis- 
placed by one-quarter of the circumference form a 2-phase winding, 
and can be wound to give any pair of pole numbers whatsoever which 
are both odd. 



PART V 

CHAPTER XXVI 


PHASE ADVANCERS AND POLYPHASE COMMUTATOR GENERATORS 


In order to understand clearly the essential principles of the various 
types of phase advancer, it will be necessary to recapitulate what 
was said in Chapter X with regard to the general law of mag- 
netization. It was pointed out that the density of magnetic energy 
in the air-gap of an electrical machine at any point where there is 

a flux density B is equal to //, being the permeance of the gap 

area per square centimetre. The rate of change of this energy 
density is the magnetizing power. In Fig. 192 is shown the stator 
and rotor of an induction motor diagrammatically indicated in the 
same manner as in Chapter X. 

Consider the tooth D, intermediate between any two bars. The 
magnetic density in this area is. say. B = Bq sin pt, and, hence, 

B ^ 

the magnetic energy density W = The flow of mag- 

dW Bop 

netizing power due to the flux in this tooth is sin pt 

... ^op 


cos pi = 




This power, therefore, alternates, being an inflow when the flux 
is rising, and an outflow when it is falling. Can we provide a storage 
device which will store up this energy when it flows out of the 
machine, and supply it once more when it flows in ^ This can be 
done in a large number of ways. Kapp has worked out in the 
Kapp vibrator, a device whereby it is done by storing the magnetic 
energy as the energy of rotating masses. He provided a small 
direct-current machine whose armature A is shown connected in 
shunt across adjacent bars, there being as many separate machines 
with separately excited fields F as there are teeth in our elementary 
case. 

The rule governing the operation of the Kapp vibrator is : 
Magnetic energy + kinetic energy of revolving armature = con- 
stant, Thus, when the magnetic energy is a maximum, the kinetic 
energy will be zero, that is, the armature of the vibrator will be 
stationary. When the magnetic energy is zero, the kinetic energy 
of the vibrator will be maximum. This rule enables us readily to 
calculate the maximum angular speed of the armature. If its 
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moment of inertia is J, and its angular speed S, then its kinetic 


Separate - 

ac, ^ 

Excitation 


energy will be ^IS^. Hence, if Sq is the maximum 

angular speed of the armature. In practice the number of different 
independent machines in a Kapp vibrator is reduced to three, since 
it is found that 3-phase windings are sufficient to give good phase 
compensation. 

If it is clear that the Kapp vibrator is a device for storing the 
magnetic energy liberated from the dynamo-electric machine, at 

the instant when the flux is de- 
To Generator creasing, and delivering it back 

p at the instant when the flux is 

""Vi ' ' i ' i"* increasing, the next thing that 

— I — j 1 — 1 j — I 1 — requires investigation is how this 

! i 1 ! 1 1 i takes place. When the flux is a 

I } j j j j I maximum also in any given tooth, 

j I 1 j j j I I the current flowing round that 

j ! j 1 I j 1 I— tooth must be a maximum, and 

UukIklykILIl the speed of the vibrator, as we 
I I I I I I I have seen, is zero. 

When the flux in the tooth is 
A A, A. A A A A zero, the speed of the phase 

^<^vancer is a maximum and, 
hence, its voltage is a maximum, 
Mon F F T F F F F while the current required to 

I produce the zero magnetic flux is 
•| '1 *j also zero. In both cases, the 

C C C magnetizing power which is the 

Fig. 192 product of current x E.M.F, is 




The magnetizing power reaches a maximum when the rate of 
change of magnetic and kinetic energies is equal. The effect of a 
current in the armature of the Kapp vibrator, as in any other 
direct-current machine, is to produce a torque which, as the 
machine is on no-load, gives rise to an acceleration. At top speed, 
since the machine is no longer being accelerated, the current must 
be zero, although the E.M.F. is a maximum. The maximum inflow 
of current and, therefore, maximum torque of the vibrator and 
maximum rate of acceleration, occur when the speed and E.M.F. 
are zero. The most obvious form of phase advancer, of course, is 
an electrostatic condenser, and in this, as in the vibrator, the 
current is a maximum when the E.M.F. is zero. In both of these 
the energy stored is zero when the current is a maximum and the 
E.M.F. is zero. In the case of a magnetic flux, however, the E.M.F. 
is zero when the flux and the current are a maximum, and the 
eneigy stored, therefore, is a maximum. 
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To sum up, in the vibrator or condenser, the current is a maximum 
when the E.M.F. is zero and the energy stored is zero. In the case 
of a magnetic flux, the exciting current is a maximum when the 
E.M.F. is zero and the energy stored a maximum. Hence, by com- 
bining a magnetic flux on the one hand with a vibrator or condenser 
on the other, we are able to construct an apparatus such that one 
portion of it is able to store the energy flowing out of the other 
portion at all parts of the cycle, and so permit the maintenance of 
an oscillation. 

It is of vital importance to notice that neither the electrostatic 
condenser nor the Kapp vibrator has any power of generating steady 
power, and, in fact, must consume it. Consider an induction motor, 
as shown in Fig. 192, fitted, say, with a Kapp vibrator, and running 
exactly at s 3 mchronous speed, and on no-load. The secondary can 
receive no induction from the primary owing to the exactly syn- 
chronous speed. The Kapp vibrator is incapable of generating the 
power necessary to drive a current against the resistance of a cir- 
cuit and, hence, the apparatus cannot work at all. Clearly, when the 
induction machine is running at synchronous speed and with zero 
slip, the current required to magnetize it would be continuous. If, 
therefore, the several machines of the Kapp vibrator could be 
driven externally at appropriate fixed speeds so as to supply con- 
tinuous currents to the winding, these currents would be effective 
in magnetizing the machine, but due solely to the fact that no 
means of producing from the vibrator an output of steady power 
exists, it cannot operate under these conditions. 

Perhaps it should be pointed out once more that on no-load the 
only currents in the induction machine are those necessary to 
magnetize it. If by any means these magnetizing currents could 
be made to flow in the rotor the stator current will disappear, and 
we shall get a high power factor on the primary sides. If, however, 
they cannot be made to flow in the rotor, they must be derived 
from the stator, and we get the reduced power factor of the ordinary 
machine. 

If, however, the rotor is running below synchronism, with a 
small amount of slip, then the mean power required to drive the 
current through the resistance of the secondary circuit can be 
derived by induction from the stator, and the Kapp vibrator can 
supply the alternating or magnetizing power, and thus become 
effective. 

Hence, the Kapp vibrator cannot operate on no-load or with 
very small slips. This applies to the condenser for the same reason, 
but, of course, the condenser is practically ruled out by the enormous 
size and cost which would be required for use on slip frequency. 

Wall’s phase advancer. Another type of apparatus, which has 
been suggested by Dr. T. F. Wall for use as a phase advancer, is 
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the secondary cell. A secondary cell is also a means of storing 
energy, and he has found that it is able to charge and discharge 
itself following the slow alternations corresponding to slip frequency 
of one or two cycles per second, if connected as shown at c, c, c 
(Fig. 192). In the secondary cell, as in the condenser, the charging 
current is a maximum when the E.M.F. is low and the energy stored 
low, and it becomes less when the E.M.F. is high, and the energy 
stored high. Hence it is able, to a certain extent, to replace the 


To Generator 



Fig. 193 Fig. 194 


condenser or vibrator, and it will be clear from the explanation 
given of the Kapp vibrator how this can be possible. 

It would be perfectly possible to obtain the advantages of the 
phase advancer by simply connecting the secondary winding of the 
induction machine to a very low frequency synchronous motor, 
capable of operating, say, on one or two cycles per second. This 
is shown in Fig. 193. The principle of its operation would be 
exactly the same as that of the synchronous motor described in 
connection with Fig. 49, namely, that the E.M.F. generated in 
any bar by the flux of the induction machine should be equal and 
opposite to that generated by the flux of the synchronous motor. 
By over-exciting the s57nchronous motor, thereby turning it into 
what is known as a s 3 nchronous condenser, it can operate perfectly 
well as a phase advancer. 

The principle of magnetization, of course, would be that described 
in connection with Fig, 50, namely, that magnetizing power flows 
out of the induction machine into the synchronous exciter at those 
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points in space where the flux density is falling, and flows into the 
machine from the synchronous exciter at those points where the 
flux of the induction machine is rising, that is, out of the induction 
machine along conductors 1 , 2, 5, and 6, and in along the remaining 
conductors. 

The Scherbius machine. Another objection to such an 
arrangement would be the enormous size and cost of a synchronous 
machine to operate at these extremely low frequencies. The reason 
of this enormous size and cost, of course, is that if a synchronous 
machine is to run at an extremely low frequency the speed of rota- 
tion itself must be very low. This is overcome in practice by making 
use of a commutator machine, as shown in Fig. 194, usually known 
as a Scherbius type of phase advancer. By introducing a commuta- 
tor we render the speed of rotation of the machine independent 
of the frequency of the current in it, and, hence, render it possible 
to build the machine of an economical size. The principle of mag- 
netization does not alter at all. It still remains true that we must 
have Ej^ + E 2 = 0, and that power must flow out of the induc- 
tion machine at points where the flux in it is falling and into it at 
points where the flux is rising. 

The Scherbius phase advancer differs from almost every other 
type of electrical apparatus, in that it does not require a stator 
and rotor both carrying different windings. On the contrary, it 
merely consists of an armature with a commutator carrying an 
appropriate number of brushes and driven, for instance, by belting 
from the main machine at any appropriate speed. 

The currents flowing from the induction machine set up a field 
in this armature which is exactly equal and opposite to that of the 
induction machine itself, in the case illustrated, provided that the 
speed of the flux relative to the bars of the phase advancer is the 
same as its speed relative to the bars of the induction machine. 

This may be seen more clearly as follows — 

Suppose, for instance, that the main induction machine has 
a S3mchronous speed of 1,000 revs, per min., and is running at 
950 revs, per min. with 5 per cent slip. The speed of the flux rela- 
tive to the bars of the induction machine will be 50 revs, per min. 

Now imagine the phase advancer as stationary. The current 
flowing through the conductors sets up a certain field which rotates 
with respect to them with a speed of 50 revs, per min. If we suppose 
that the flux of the phase advancer is equal to that of the induction 
machine, then, with the machine stationary, we shall have Ej^= E 2 , 
and, consequently, we cannot have + £^2 = 0. Now, owing to 
the action of the commutator, the distribution of the field of the 
phase advancer does not depend in any way on its rate of rotation, 
since, when it is set in rotation, every time a bar moves away from 
a given brush another bar takes its place. Consequently, the 
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distribution of the phase advancer flux and its rate of rotation in 
space depend in no way on the speed of the phase advancer. Now 
let the phase advancer be set in motion and run up to, say, 50 revs, 
per min. in the direction of rotation of the flux. It is now ruiming 
in synchronism with its own flux and, consequently, there will be 
no E.M.F. induced in its bars. 

Let us next suppose that it is nm up still further to 100 revs, 
per min. The phase advancer flux is still unchanged, but the bars 
are now running at twice synchronism with respect to it, and, hence, 
the voltage induced in them is exactly reversed as compared with 
its value at standstill. It, is now possible for the equation E^ + E^ 
— 0 to be satisfied, since the bars of the phase advancer are moving 
relatively to its flux in the opposite direction to the bars of the 
induction machine, relative to the flux in that machine. 

A further increase in the speed of the phase advancer above twice 
s37nchronism merely serves to reduce its flux. 

The speed may, of course, be made many times greater, perhaps 
ten or twenty times, and in such a case the flux of the phase advancer 
need only be one-tenth or one-twentieth of that of the main machine. 
No matter what the speed, the frequency of the currents flowing 
through the brushes will always remain the same, owing to the 
presence of the commutator. In practice, of course, complexities 
are introduced owing to the requirements of commutation, which 
lead to the use of commutating poles, etc. 

Before proceeding to discuss the type of phase advancer which 
is capable of producing an improvement in power factor at no load 
as well as at full load, it will be desirable to discuss the polyphase 
commutator generator in a general way, since this type of phase 
advancer is simply a special application of the generator. 

Consider first, therefore, a pol3q)hase series machine constructed 
in the manner as shown in Fig. 195 (opposite). In this figure the 
rotor is shown as consisting of a number of bars joined together 
at one end by means of an end-ring, each bar being attached to a 
commutator segment, these being equal in number to the bars. 
On each segment rests a brush, and to each brush a stator conduc- 
tor is connected in sudb. a manner that the current flowing in one 
direction along the rotor bar flows back in an exactly opposite 
direction along the stator bar, as shown in Fig. 203. Thus, neglecting 
leakage, the stator and rotor bars connected to a given brush form 
a non-inductive circuit. 

The current having passed through these two bars now returns 
to the commutator end of the machine by means of a third bar, 
which is known as the field bar. This may be displaced by any 
amount from the stator bar just described, which is known as the 
neutralizing bar. From the field bar the current is +q k/?n to the 
load which is shown in Fig. 195 as a self-induction. 
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Since the rotor bar and neutralizing bar cancel each other s 
magnetizing effect, the field is clearly due entirely to the distribu- 
tion of field bars, and may be 

displaced in position round , j ]- 

the circumference of the 
machine to any extent, by 
varying the position of these 
field bars, that is, by lengthen- 
ing or shortening the connec- 
tions aa. Fig. 195. 

Let B be the flux density 
at any point in the machine, 
the flux being, let us suppose, 
a rotating one revolving with 
respect to the stator with 
peripheral speed and with 
respect to the rotor with 
peripheral speed 
where is the peripheral 
speed of rotation. 

Thus, since the rotor bar 
and neutralizing bar are con- 
nected in opposition, the 
voltage induced in the two 
considered as a single whole 
is {v^ - B = i\B. At 
standstill, when 
clearly this voltage is zero. 

The voltage induced in the 
field bar owing to its displace- 
ment in space from the rotor 
and neutralizing bars will 
differ in phase from these 
voltages. 

Let us consider two cases — 

1. In which the field bar 
is displaced from the neutral- 
izing bar by one-quarter of a 
wavelength of the flux or 90 
electrical degrees, and the 
E.M.F. in it is, therefore, in 
quadrature with that in the 
neutralizing bar. This case is 
shown in Fig. 195. 

2. In which the field bar 
is not displaced at all with 
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respect to the neutralizing bar, and, consequently, the E.M.F. in it 
is equal and opposite to that in the neutralizing bar. This case is 
shown in Fig. 196. 

In both cases, of course, the magnitude of the E.M.F. in the 
field bar is v^B, being the same as that in the neutralizing bar, the 
only difference in the cases being as regards the phase of these 
E.M.F.'s. 

From the field bars, as shown, the current is conducted to the 
inductive load, which we may suppose to consist of an alternating 
flux identical with that in the machine itself, the electromotive 
distribution in which is shown in Fig. 195&, while that in the machine 
is shown in Fig. 195c;. The distribution of bars in the inductive 
load is identical with that of the field bars in the machine, and, 
hence, the flux of the load is also identical as stated, being dis- 
placed in space, however, in the diagram, by an amount equal to 
the displacement of the field bar. Hence the E.M.F. of the load 
wdll be Eg = ^ 2 ^ ^ quadrature with the current, being exactly the 
same as the E.M.F. in the field bars. Summing up the results of 
Fig, 203, we have the following E.M.F. 's — 

(a) In the inductive load, Eg = 

\h) In the field bar. Eg = v^B. 

Both these, of course, are in phase with Eg. 

In the rotor and neutralizing bars, E^ = {v^ - B. 

These E.M.F. 's are in quadrature with Eg. In addition to these, 
we may suppose that there is an E.M.F. Ir due to resistance drop, 
which will be in quadrature with Eg and, therefore, in phase with 
E^. 

In the lower part of Fig. 195 is showm a diagram of the fluxes 
occurring in the motor due to the field bars. It is clear from this 
diagram that the air-gap density E is a maximum at a point one- 
quarter of a wavelength distant from the point at which the current 
is a maximum. For instance, if the field current is a maximum at 
the point Q, then the air-gap density B will be at a maximum at the 
point P in the figure. Hence, if the E.M.F. 

(Wa - Wa) B 

is to reach its maximum at the same time as the current, that is, 
to be in phase with it, the displacement between field bar and 
armature bar must be a quarter wavelength. 

Summing up in the same manner the results of Fig. 196, the 
E.M.F. Eg will be the same as before, and Eg == vJB will also be the 
same. The E.M.F.'s E^ = (vg — B will still retain the same 
magnitude, but instead of being in quadrature with Eg it will be 
in phase with it. Hence we can write the equation — 

(z?2 B- VgB - Eg = 0. 
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From this equation we see that the E.M.F. in the neutralizing 
bar and the field bar cancel, as is, in fact, perfectly obvious from 
the figure, and the equation reduces to the form 

Since the E.M.F. 's in the two bars on the stator cancel, these 
bars are clearly unnecessary, and a conductor could be led straight 
from the commutator brush to the 
load, so that this case of the com- 
mutator generator simplifies itself 
into the case of the Scherbius phase 
advancer. 

Returning to Fig. 195, the funda- 
mental electromagnetic law, of 
course, is that the sum of all the 
E.M.F. ’s in the circuit must be 
zero, and if we have E.M.F. 's in 
two distinct phases in quadrature 
with each other, this law involves, 
as is well known, that the sum of 
the E.M.F. *s in any given phase 
must be zero, and the sum of all 
the E.M.F. 's in quadrature with 
them must be independently zero. 

Hence, in the case of Fig. 203, we 
obtain two distinct equations — 

H) E.M.F. 's in phase with E. 2 . 

This gives Eg + ^ 

( 2 ) E.M.F. 's in quadrature with 

E^. 

(^'2 *“ =0. or, Vj^B -f- 

Ir =0 

Since Eg = V 2 B, as we saw above, 
equation (1) may only be satisfied Fig. 196 

if V 2 = 0 , that is, if the rate at 

which the flux wave moves relative to the conductors of the load or 
of the stator is zero. This, of course, involves that the current 
shall be continuous and not alternating. 

If Vq = 0, equation (2) becomes Ir ~ v^B = 0, which is the 
ordinary equation of self-excitation of the direct-current machine. 

Coming to Fig. 198, we derive the equation 

Eo — •= 0 

and it was also known that E^ = Hence this equation can be 
satisfied if + ^3 — ^2 = 
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That is to say, that the revolving rotor cuts the flux in one direc- 
tion at the same rate as the flux cuts the stationary conductors in 
the load in the other direction, or, in other words, that the rotor 
runs as much above synchronism as the conductors in the load are 
below synchronism. This, of course, assumes that there is no 
resistance drop in the circuit. 

Figs. 197 and 198 represent cases of the polyphase commutator 
generator which are worth a brief examination. 

In Fig. 197, the displacement between the neutralizing bar and 
the field bar is three-quarters of a wavelength instead of one-quarter. 


Short Circuiting rin£ 
^r shunt m^hine_\ 




measiired in a particular direction, say clockwise. The effect of 
this is simply to reverse the E.M.F. (v, -v^) B = v^B with respect 
to and the field E.M.F. v^B. 

In Fig. 198, the field bar differs from the neutralizing bar by half 
a wavelength, hence, instead of the E.M.F.’s in the two bars can- 
celling, they add. This also is merely a way of saying that the 

E.M.F. 

{v^B -v^)B — v^B 

is reversed. 

The effect of this reversal is as follows — 

Whereas in Fig. 195 the machine, as has been shown, is capable 
of self-excitation as a direct-current generator, in Fig. 197, the 
field has been reversed, and the machine is incapable of operat- 
ing as a generator, but can operate as a motor. 'Whereas in Fig. 
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196 it was shown that the machine could operate as a negati\’e 
reactance capable of balancing the E.M.F. of self-induction of an 
inductive load, yet in Fig. 198 the machine operates as a positive 
reactance and, hence, is itself equivalent to an inductance of a value 
depending on the speed. 

Thus, to recapitulate for every connection of the field successively 
differing by a quarter of a wavelength, the machine will act as 
follows — 

{a) Negative reactance generates magnetizing power (phase 
advancer) (Fig. 196). 

(6) Negative resistance generates mean power (series generator) 
(Fig. 195). 

(c) Positive resistance absorbs mean powder (series motor) 
(Fig. 197) . ^ 

{d) Positive reactance absorbs magnetizing power (reversed 
phase advancer) (Fig. 198) ; and for intermediate connections we 
get combinations of these effects. 

It should be pointed out that while in Fig. 196 the apparatus can 
supply magnetizing power to a purely inductive load, and, there- 
fore, could conceivably maintain an alternating flux in a circuit 
which was absolutely devoid of resistance or other means of con- 
suming mean power, yet, in actual fact, the only self-exciting type 
of generator, so far described, is that of Fig. 195, which is the 
ordinary series direct-current generator. 

For intermediate connections of the circuit, howe\*er, it is possible 
to obtain a type of generator which will be capable both of supply- 
ing the magnetizing power required by the alternating flux, and 
also of giving the mean power required to supply JV losses, etc. 

It has been pointed out that if the field bars are displaced b 3 ’ 
one-quarter of a wavelength from the neutralizing bars, so that the 
angle 6, Fig. 195, measured in electrical degrees is 90°, the machine 
is capable of operating as a self-exciting direct-current generator. 

If the angle 6 is less than 90°, however, we have the following 
E.M.F.'s— 

{a\) In the inductive load, Eg 

{bl) In the field, vJB. 

(cl) In the armature and neutralizing circuit — cos 6. 

All these are in phase with Eg, or in quadrature with the current. 
Hence, 

Eg - v^B -f- {v^ - v^B cos 0=0 

{a2) The Ir drop. 

(b2) (v 2 — v^)B sin 0. 

Hence 

(^2 ” sin 0 -b 7^ ~ 0 
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Thus we see that the E.M.F. of the rotor and neutralizing bar 
combined has components both in phase and quadrature with the 
current, the component in phase with the current or in quadrature 
with Eg being capable of balancing the Ir drop and hence exciting 
the machine, and that in quadrature with the current capable of 
balancing the inductive E.M.F. of the load. 

Thus the machine becomes self-exciting, not as a direct-current 
machine, but as an alternating current machme, having a definite 
frequency of its own. 

It is clear that the self-inductive E.M.F. of the load is propor- 
tional to the frequency, and, hence, we deduce the rule : In a self- 
exciting series polyphase generator, the frequency will he such as to 
make the self -inductive E.M.F., due to the load 
and field circuit combined, balance the component 
of the E.M.F. of the armature and netitralizing 
circuit whtch is in quadrature with the current. 

Considering the component in phase with 
the current we deduce the rule : The strength 
of the field will he s%ich that the component of 
the E.M.F. of the armature and netitralizing 
circuit in phase with the current balances the Ir 
drop and other load E.M.Fis in the circuit. 

One of the principal applications of the above discussion is to 
shunt types of polyphase self-exciting machine in which the field 
bars are connected to a short-circuiting ring, as shown in dotted 
lines in Fig. 197. In this case the Ir drop referred to in the above 
rule is simply that of the field circuit, and the self-inductive load is 
again due entirely to the E.M.F. induced by the flux in the field 
bars. 



In this case these rules simplify as follows — 

In the self-exciting shunt polyphase generator, the frequency will be 
such as to make the self -inductive field E.M.F. balance that com- 
ponent of the E M.F. in the armature and neutralizing circuit, which 
is in quadrature with the shunt current, while the second rule becomes 

The strength of the field will be such that the component of the E.M.F. 
in armature and neutralizing circuit in phase with the shunt current 
balances the Ir drop round the shunt circuit. 

This second rule is, of course, identical with the rule for the 
self-excitation of the direct-current machine, and involves a certain 
amount of saturation in the magnetic circuit. 

It is clear that both the density B and the Ir drop are proportional 
to the current so long as the iron is unsaturated, and, hence, they 
cannot become equal for some particular value of the current 
except in virtue of the saturation of the circuit. 

If the saturation curve of the machine be as in curve A, Fig. 199, 
the Ir drop as a function of the current being as in curve B, then 
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the machine will excite up to the point C, where these two curves 
intersect. 

We may note also that the frequency is dependent for a given 
type of winding only on the speed of the machine, and is, therefore, 
independent of the voltage. For the type shown in Fig. 195, the 
rate of rotation of the flux will be such that the armature runs as 
much above synchronism as the field is below synchronism. In 
fact, the flux will revolve at half the rate of the armature. 

This frequency may be adjusted by inserting a further self-induc- 
tion in the shunt circuit, while the voltage may be adjusted by 
means of a resistance precisely as in a direct-current machine. We 
can now recapitulate some of the characteristics of the shunt 
polyphase generator. 

1. The machine is self-exciting if the displacement between the 
field and armature circuits is intermediate between that shown in 
Figs. 195 and 196. 

2. It gives a frequency which may be varied at constant speed, (a) 
by moving the brushes, that is, varying the angle 0, Fig. 195 ; 
(b) by changing the ratio of armature to field turns ; or, (c) insert- 
ing an external inductance in the field. By any means, in fact, that 
varies the field reactance. 

3. The frequency is almost directly proportional to the speed. 

4. The strength of the field is regulated by exactly the same 
principles as govern the fields of direct-current machines, and may 
be regulated by a rheostat exactly as in a direct -current machine 
without affecting the frequency. 

5. Hence the voltage and the frequency of the machine are 
almost entirely independent of one another, and may be regulated 
separately. 

Some further properties of the series machine which are worth 
noting are as follows — 

1. The frequency of a series polyphase generator with a unity 
power factor load will be invariable and independent of the load. 
The voltage in such a machine will vary in just the same way as 
that of a direct-current machine on a similar load. 

2. The frequency of a series polyphase machine is inversely 
proportional to the amount of the inductance in the circuit. 

3. If a series polyphase machine is connected with another 
apparatus giving rise to a definite frequency such as a S3mchronous 
machine, then for those positions of the brushes which render it 
self-exciting it will generate its own natural frequency in addition 
to any frequency impressed on it from an outside circuit. 

This remark gives us the key to the hunting which sometimes 
occurs when these self-exciting machines are employed. 

It will next be desirable to deal in some detail with the various 
applications of such a machine. Before doing so, however, the 
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previous discussion may be summarized by saying that it has been 
shown that the-machine is itself self-exciting for all positions of the 
brushes lying between two points differing in position by 90 elec- 
trical degrees. If we regard the number of poles as variable, then 
for any given position of the brushes the machine will excite with a 
number of poles such that the phase displacement between field 
and armature bar is less than an odd multiple of 90 electrical degrees 
and more than the next lower even multiple (see page 100). At one 
extreme point of the range the machine generates direct current, 
in which case the current is of necessity in phase with the E.M.F., 
and at the other extreme point of its range the machine generates 
an E.M.F. which is exactly in quadrature with the current. In 
positions intermediate between these two extreme points the 
machine can generate alternating E.M.F. of a definite frequency 




which has a component in phase with the current to balance the 
resistance drop in the circuit. In order that any machine may be 
able to generate alternating current, two conditions must be 
satisfied — 

1. It must be capable of generating an E.M.F. which will balance 
those E.M.F/s due to the load which are in quadrature with the 
current, that is, it must be capable of supplying the reactive power 
required by this load. 

2. It must be capable of supplying an E.M F. which will balance 
those E.M.F/s due to the load which are in phase with the current, 
that is, it must be capable of supplying the mean power required 
by this load. 

These two conditions are entirely independent — 

1 . The apparatus may be a generator as regards reactive power, 
and a motor as regards the mean power. This is the case in all 
types of compensated motors which absorb mean power and generate 
reactive power sufficient not only to supply that required by 
their own reactance, but frequently to supply that needed by the 
reactances occurring in other portions of the circuit. 

2. A machine may be a generator as regards the mean power, 
and may require to receive reactive power from an external source. 
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as, for instance, in the induction generator, so that the independence 
of these two conditions is quite manifest. 

The only important case in which such a polyphase commuta- 
tor machine as already described is used independently, is that of 
the pol 3 rphase commutator motor. 

It has been pointed out already that where a polyphase commuta- 
tor generator can generate, for instance, direct current or some 
current of definite frequency, it will do so in addition to carr 5 dng 
current of any frequency impressed upon it from an outside source. 
It is the existence of currents of two distinct frequencies in the same 
machine which constitutes the phenomenon of hunting. It is clear 
that hunting can only be avoided in one of two ways — 

1. By making the natural frequency of the machine identical 
with the impressed frequency. 

2. By rendering the machine non-self-exciting, and, as already 
pointed out, since two independent conditions are required to render 
it fully self-exciting, this self-excitation can be prevented by seeing 
that one of these conditions is not satisfied, even though the other 
may be, or, although it may be the whole object of the apparatus 
to satisfy it. 

When the polyphase commutator machine is used as a motor, the 
brush setting will usually be such that the machine is non-self- 
excitiug. 

Various cases in which polyphase commutator machines are used 
in practice may conveniently be discussed in turn, so as to make it 
clear whether hunting is possible and if not, how it is avoided. It 
will be convenient to include in this discussion the single-phase 
series motor, as this is one of the simplest cases and throws con- 
siderable light on the others. 


Case 1. Single-phase Series Motor 

Attempts have been made to use single-phase series motors for 
regenerative purposes on traction systems by reversing the fields 
and making them into generators, which it was hoped would restore 
power to the single-phase line and would so brake the train. 

These hopes have been disappointed because the series generator 
generated direct current as well as single-phase current, which is 
the only type which can usefully be restored to the line. Oscillo- 
grams have frequently been published showing these effects. They 
can be eliminated if, instead of connecting the machine as in 
Fig. 200 a, care is taken that the field of the series machine is coupled 
to the armature only inductively through a transformer as in 
Fig. 200 &, in which case the generation of direct current is impossible. 
This is an instance of one of the points explained in the previous 
discussion. 
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Case 2. Shunt Machine 

If the terminals of a series motor are short-circuited and leads 
taken out from the armature it becomes a shunt machine, of which 
a diagram in the elementary form used throughout this work is 
shown in Fig, 201. The conditions of self-excitation of a shunt 
machine have already been worked out. They reduce to two distinct 
rules, of which the first is — 

In the self-exciting shunt polyphase generator, the freqttency will he 
such as to make the self-indtictive field E.M.F, balance that component 
of the E,M,F, in the armature and netttralizing circuit, which is in 
quadrature with the shunt current, while the second rule becomes — 

The strength of the field will be such that the component of the E.M.F. 
in armature and neutralizing circuit in phase with the shunt current 
balances the Ir drop round the shunt circuit. 

If there is no component of the armature E.M.F. in quadrature 
with the shunt current, the self-inductive field E.M.F. must be 
zero, i.e. the machine generates a continuous E.M.F. 

Where the position of the brushes is such that the machine tends 
to generate such a continuous E.M.F., it will produce direct current 
in addition to carrying any alternating current which may be im- 
pressed upon it from an external source. This may be prevented, 
as with a series machine, by connecting the armature and the field 
only through a transformer. The existence, of course, of currents 
of two different frequencies in the same circuit gives rise to powerful 
synchronizing forces whenever these two frequencies are close 
together. In other cases, however, where the frequencies are widely 
different, no such forces are produced. For instance, in the case 
previously alluded to in which the series machine produced direct 
current as well as, say, 25 cycles alternating current, it is often 
impossible to tell from the behaviour of the machine that anything 
abnormal is occurring, the only clue to the difficulty lying in the 
abnormal readings of any instruments that may be in circuit. 

Now the word hunting is usually taken to mean a process of 
rising and falling of speed, accompanied by a periodic noise, hence 
such a phenomenon would not ordinarily be called hunting. In 
the narrow sense of the word, hunting " must be confined to the 
case in which the natural frequency of the machine is close to the 
impressed frequency. 

A type of shunt machine in which hunting is impossible is that 
shown in Fig. 202. In this figure the armature is represented as 
before by a number of star-connected bars, each connected to a 
commutator segment on which the brush rests. On the stator are 
a number of turns, one end of each being connected to a common 
star point at the end nearest the commutator, while the other ends 
AAA of the same turns are joined by transformers. Leads taken 





impressed on the terminals BBB, the motor can operate without 
self-excitation, and, hence, without hunting. 

Case 3. Shunt Induction Type 

As an alternative to this, the Ime terminals might be connected 
to AAA instead of BBB, in which case the armature is fed through 
the transformers and the line coimected into the stator winding. 
This obviously makes no change as regards the problem of self- 
excitation. It is, however, the type of machine which is usually 
employed in such polyphase commutator machines as are used in 
practice, because it permits of the stator being wound for commercial 
voltages, while the winding connected to the commutator can be 
wound for a sufficiently low voltage to ensure good commutation. 
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Hence we may conclude that in commercial types of polyphase 
commutator machines no tendency to hunting occurs. 

Case 4. Conductive Shunt Type 

There are, however, certain conductive forms, such as that shown 
in Fig. 201, which are little used owing to their not being well 
adapted to commercial voltages and frequencies, but in which hunt- 
ing might be possible. These forms should be avoided. 

Case 5. In Cascade with an Induction Machine 
FOR the Purpose of Regulating Speed 

Returning to Fig. 202, if, instead of the terminals AAA being 
connected to the line, they are connected to the slip-rings of an 
induction machine, which is shown in the upper part of the figure, 
we have the more usual form in which the polyphase commutator 
machine is used. 

When the machine is used as a speed regulator, it acts as a motor 
below S5mchronism and as a generator above synchronism, the same 
brush position corresponding to both these functions. This position, 
when it acts as a generator, would cause it to generate direct cur- 
rent, and the solution of the possible difficulty which might be 
caused by this is the same as before, namely, a purely inductive 
connection between the field and the armature. 

In Fig. 203 is shown a diagram of the same type of apparatus in 
another form. In this figure A represents the large induction 
machine with slip-rings BBB, These are connected in series with 
the armature C, and the neutralizing winding NNN of the shunt 
commutator machine. The same slip-rings BBB are connected to 
three terminals of a star-connected transformer DDD, the secondary 
of this transformer EEE being provided with a number of taps for 
adjusting the voltage. These taps are connected in series with the 
shunt field FFF, and with another piece of apparatus which will 
be described later on. It is clear that in this diagram the connection 
between the armature and the field of the commutator machine 
is purely inductive, and, hence, self-excitation and, consequently, 
hunting is rendered impossible. This connection operates quite satis- 
factorily except in the immediate neighbourhood of synchronism. 
In the neighbourhood of synchronism the frequency falls to a very 
low figure, and the transformer ceases to operate. Not only this, 
but another difficulty makes itself manifest. At frequencies differing 
considerably from synchronism, the currents in the field circuits 
wiU lag approximately 90° behind the E.M.F. applied to them, and 
the connections of the apparatus are arranged on the assumption 
that this lag of approximately 90° exists. In the neighbourhood of 
synchronism the inductance of these coils is reduced to an extremely 
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low figure, and the current no longer lags 90°, but tends to approx- 
imate in phase to the E.M.F. which is applied to the coil. This 
prevents the proper operation of the apparatus. To correct this a 
further apparatus, consisting of a small frequency changer ha\nng 
the^ same number of poles as the large machine, is coupled to the 
main shaft, which takes current at line frequency through its slip- 
rings GGG, and delivers it at the slip frequency through its commuta- 
tor H to the field E FF. By this means this field is separately excited 
with current of the correct frequency whose phase can be adjusted 



by adjusting the position of the brushes rest mg on the commutator 
H, This is the so-called “ ohmic drop exciter.'* Clearly, w'hen the 
commutator machine is separately excited there is again no connec- 
tion between the armature and the field, and, hence, self-excitation 
and hunting are impossible. 

In some cases the armature and field of this shunt machine are 
coupled through auto-transformers rather than through trans- 
formers having a distinct primary and secondary This plan is also 
almost fully effective in preventing self-excitation, since, should 
there be any remanent magnetism tending to cause a continuous 
E.M.F. to be generated in the armature, this would produce a cur- 
rent which, instead of building up the field, would be short-circuited 
through the auto-transformer. 

Case 6. The Phase Advancer 

Coming now to the phase advancer. The very function of the 
phase advancer is to generate reactive power. Hence the brush 
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position may most conveniently be made sncli as to enable it to 
generate reactive power and no mean j^ower, that is, the brushes 
may be placed at one extreme limiting position of the self-exciting 
range. Under these circumstances it is knt)wn as the Scherbins 
phase advancer, and has been described above. It is shown in 
Fig. 196 . 

If, however, an attempt is made to place the brushes so that the 
machine can generate mean power as well as reactive power, and 
regulate the slip as well as the power factor, tht^n it is practically 
certain that hunting will take place, since the phase advancer now 
has a natural frequency of its own and will generate current of that 
frequency which is very little affected by the slip of the main 
machine. This natural frequency can only agree with the fre<iuciicy 
of the main machine for one particular value of the slip, and for all 
others hunting will take place. Since both the natural an<l im- 
pressed frequencies of the machine arc oxti'cmcdy low, inductive 
couplings are unsatisfactory, and there is no solution to the diffi- 
culty except that of placing the brushes in such a positi<m that mean 
power cannot be generated. 

Case 7. The Frequency ('onvert<u< 

In certain cases speed regulation in large induction motors is 
effected by connecting a frequency convertor in cascade witli the 
slip-ring circuit instead of a shunt polyphase generator, such as 
that already described. Such a frequency convertor is obtained if 
to the armature of the polyphase commutator gent ^ra tor are con- 
nected a number of slip-rings to which current is Ic'd from the 
ine through suitable transformers. Such apparatus can also hunt 
unless a precaution is taken similar to that already' describc^d, 
namely, that of adjusting the brushes in a position such that any 
self-excited current would be neither continuous nor of vc'ry low 
frequency, and then coupling the armature and the fic'ld only through 
transformers. 



CHAPTER XXVII 

INDUCTION AND COMMUTATOR MACHINES IN CASCADE 

We now come to the combinations of induction and commutator 
machines in cascade. This opens up a very large subject, as such 
sets may be used as motors, generators, or convertors, while the 
commutating element may itself be either a motor, generator, or 
convertor. Besides this the commutating element may be either 
primary or secondary. We must, therefore, before we proceed fur- 
ther, effect a sub -classification of our subject. The difference in 



the arrangement of the set will not be great in general, whether it 
is used as motor or convertor. 

We shall, therefore, base our classification on the type of commuta- 
ting element employed, whether motor or convertor- 

1. Induction motor combined with polyphase commutator 
motor or generator : (a) series type, (h) shunt type. Use as exciter 
of motor or generator. 

2, Induction motor combined with commutating convertor. 

Thus -w^e shall first discuss the induction machine combined 

with polyphase commutator machines other than convertors. Such 
apparatus may be used as generator or as motor, and it will be 
shown that the characteristics of the set are the characteristics of 
the secondary or commutator machine. The object, therefore, of 
using the induction machine as well, is to reduce the dimensions of 
the commutator machine, thereby to a large extent substituting a 
simple and efficient type for one less simple and less efficient. 

We saw above that the series polyphase commutator machine 
running at constant speed could be adjusted, so that it forms a 
positive or negative resistance or reactance. 

253 
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We consider it from this point of view. 'When adjusted as 
a generator or motor, the series commutator machine serves to 
compound the induction motor either differentially or cumulatively. 

Consider first the case when the series machine is a motor me- 
chanically coupled to the induction machine. It produces a counter 



Fig. 205 


E.M.F. 6:^ = ir^k opposite in phase to the current and cousiiining 
an amoxint of power ie^ == It will help to understand the 

operation of the machine if we regard this E.M.F. as being a ficti> 
tious " resistance drop/' which is legitimate since it is proportional 
to the current. 

The counter E.M.F., is, of course, proportional to the speed k 
also, and, therefore, the " resistance '' interposed by the machine 

in the secondary circuit of 



the induction motor falls 
with the speed. It is clear 
tliat the power i^r^k j^ivcn to 
the series motor appears as 
mechanical torque 
(neglecting for a moment the 
losses in it) in a motor 
running at speed k. This 
torque, of course, is added 
to the main motor torque. 

Thus our main conclusion 


is — 

By connecting a series polyphase motor into the secondary of an 
induction motors we prodtice an additional slip^ corresponding to that 
due to additional resistance. The additional secondary power due to 
the additional slip is not lost, but appears as a mechanical torque on 
the motor shaft, proportional to the square of the motor current and 
independent of the speed. 

In the polyphase shunt machine, the speed is independent of the 
terminal voltage, if the saturation be neglected and the same ratio 
be maintained between field and armature volts. It is, however. 
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directly proportional to the frequency. II such a machine be 
cascaded with an induction motor, therefore, the speed of the set 
will assume an intermediate value below synchronism, since the 
greater the slip of the induction machine, the higher the speed of 
the shunt machine. 

But in our case the secondary voltage is also proportional to the 
frequency, and, hence, we conclude — 

The field strength of a shunt machine cascaded with an induc- 
tion motor is independent of the slip, s, since both field voltage 
and field frequency are proportional to the slip. 

Since the field strength is constant, the armature E.M.F. must 
be directly proportional to the speed, that is, to {i-s). If we 
suppose that the two are in phase, and that c = secondary voltage 
of induction machine at standstill (positive below synchronism), 
= counter E.M.F. at synchronism in the shunt machine, we have 

sc = ^ i 

dz 

__ speed e 

^ ' synchronism c 1 

So for this case we get the rule — 

Secondary standstill volts ot 

No-load speed of set induction machine 

Synchronous speed of set Synchronous C. E.M.F. sec 

standstill volts of induction machine 

We must note that this ratio is greater or less than unity, accord- 
ing as the two voltages above assist or oppose one another below 
synchronism. If they oppose one another l^elow synchronism the 
no-load speed will be less than synchronous, and if they oppose 
one another above synchronism it will be greater. The secondary 
voltage of the induction motor reverses, of course, in passing through 
synchronism. 

By connecting a shunt commutator motor in cascade with an 
induction motor, we can cause its no-load speed to differ from 
synchronism either above or below. 

Now let us consider the case when and are in quadrature. 
The most important function of this arrangement is the com- 
pensation of magnetization of the main induction motor. In order 
to understand this, we have only to consider very small slips when 
the secondary current of the induction motor is sensibly in phase 
with its E.M.F. 

In Fig. 204 let the three sine waves represent — 

(a) The wave of flux density B, 

(d) The wave of magnetizing current io at right angles to it in 
space. 
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(c) The wave of secondary -r?, and current in phase 

with B and in quadrature with 

If now we introduce an E.M.F. e.^ by means of our shunt machine, 

such that j = to being in quadrature with e^). it will cause a 

current to flow in the rotor which will be adequate to magnetize 
the machine. The magnetizing current Zq in the stator will disappear, 
and the no-load current will be reduced to zero -only sufficient 

remaining to supply the losses. 
The rotor magnetizing volt- 
amperes are now Zo ^2 = 
whereas they replace stator 
magnetizing volt-amperes 
f where is the terminal E.M.F. , 
an enormous saving. Our final 
conclusion is therefore — 

By connecting a shunt com- 
mutator machine in cascade 
with an induction motor, the 
secondary E.M.F. of the motor 
and the C. E.M.F. of the 
machine being in quadrature, 
we can magnetize the induc- 
tion motor, raising its power 
factor to unity or producing a 
leading current. 

1. Shunt Machines. 

When using shunt machines to raise or lower the synchronous 
speed, we obtain the equation 

e 

i - s ^ — — — or (i - s) <5 + ~ 5)^2 — e 

Multiplying through by the current i we get, 

{i - s) ei + {i ~ $) ei. 

Now ei is equal to the induction motor torque in synchronous 
watts, and, therefore, (z - s) ei = torque X speed = induction 
motor H.P. Similarly, (z - s) e^i is the shunt motor H.P. Hence, 
the result may be interpreted — 

Algebraic sum of H.P. of both elements = induction motor 
torque in synchronous watts. 

If, for instance, the torque and consequently the input to the 
induction motor in synchronous kW. is 10 kW., and the machine 
is running 10 per cent below synchronism, the kW. output will 
be 9kW. and, therefore, the shunt machine must have an input 
of 1 kW. to make up the power put into the induction motor. 
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Similarly, if the machine is running above synchronism. Hence we 
conclude 

H.P. of shunt machine 
H.P. of induction machine ^ 


From the equation, 


we get 


since 


^^2 


e + ie + 


ton [lie of shunt machine 


total torque oi set 
/Vo =— torque of shunt machine 
</V ^ torque of induction machine. 


^ slip 


The size of the shunt machine necessary for compensating depends 
entirely on the resistance oi the secondary winding. As this is 
reduced the size of the shunt machine goes down, and in the limit- 
ing case may be vanishingly 
small. 

The only diherence l)etween 
series and shunt ty]>e machines 
lies in the characteristics. The 
rule we declareil above for the 
shunt machine also ai)i>hes to 
the series machine lunning at 
the same slip. Just as much 
material isr(‘<[uired to product* 
a given counter H.IVI.F. in 
quadrature with the current 
as in phase with it, lienee all 
machines having the same 
counter It IM-F". will be the 
same size. 

We now cointi to iiuluction 
niachiut*s cascacled witli in*tpunicy convertois oi the commutating 
t 3 q) 0 . Such a machine on the commutating side has exactl^^ the 
same clu\raet<*ristics as a shunt or series machine. 

On the collector ring sidt^ it will be, of course, connected to the 
line, the diagram of connections being as in Pig* 205, 1 being the 
primary winding of the induction machine, S the secondaiy windings, 
WWW th(^ stator windings of the convertor, C its commutator, 
and R its slip-rings. The rotor frequency of the convertor on the 
collector ring side will bo that of the line, the same, in fact, as the 
stator frequency of the induction machine. The stator frequency 
of the convertor will be that of the secondary of the induction 
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machine. The speed of the converter, therefore, which is propor- 
tional to the difference between the stator and rott)r freqtiencies, 
wUl be either the same as that of the motor or a nuiltiple of it. 

In fact, if 

= primary frequency of motor or rotor frequency of convertor, 

/j == secondary frequency of motor or stator frequency of convertor. 
Speed of motor = k — W {fx -/g) 

Speed of convertor = k^ — W^ (/, -/g) 

yL ^ h. 


Hence, in a convertor system the secoiidary power, instead of 


being converted into mechanical power, which iissists or opposes 



the torque of the main motor, is 
converted to the line fi-cquoncy 
and fed back into the line. 

The cliaracteristics of the 
system and its diagrams are 
identical with those develoj>ed 
above. 

Such convertor .systems have, 
however, some notable advan- 
tages over systems employing 
motors and generators. 


Fig. 209 


1. The convertors which will 


be small arc not limited to the 


necessarily slow speeds of the large motor or genei-ator, to whicli 
they are aixxihary, when they can be much better designed for 
higher speeds. 

2. The kilowatts converted by the convertor will be the same 
as those used by the motor or generator previously referred to. 
However, the apparatus itself will be smaller and require les.s copper, 
as is the case in all convertors. Another arrangement is jx>.s.sible, 
whereby the secondary of the induction machine is connected to 
the collector rings of the convertor and the commutator end con- 
nected to the line (see Fig. 206). 

Such a convertor will still run at the same speed as the motor, 
as the stator frequency is now that of the line, wliile tlie rotor 
frequency is that of the secondary of the main motor. Hence the 
above arguments stiU apply. 

Such a device, at any rate with shunt convertors, is equivalent 
to placing the commutator on the main motor, but has the advan- 
tage that fewer poles can be used on the convertor to make it go 
at a higher speed. Also, only that amount of power which it is 
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necessary to convert may be dealt with, instead of making the 
whole machine a commutator machine. 

Let us now endeavour to deduce the circle diagram of an induc- 
tion motor cascaded with a polyphase series machine which is 
coupled to it mechanically. We saw previously that by a suitable 
brush setting the commutator machine could be arranged to be 
equivalent to a positive or negative resistance or reactance, or to 
any combination of these, which may be called the equivalent 


E 



impedance, and also that the equivalent impedance was proportioned 
to the speed. 

Let s be the slip of the induction motor as a fraction of syn- 
chronism and, consequently, {i - s) the speed. 

We shall denote the equivalent impedance of the commutator 
machuie by [i - s) Z, 

In the secondarj^ circuit of the induction machine, we now have, 
sc = f (r + jsx -f- [i - s) Z) 

where 

r ™ true resistance of secondary circuit and commutator 
machine combined. 

sx = true reactance of secondary circuit, and commutator 
machine combined, at slip frequency. 

sc = E.M.F. induced from primary at slip s. 

{i - s) J? = equivalent impedance of commutator mach’ne as 
mentioned above. 

e ==: primary E.M.h\ 

Let us, in accordance with the usual procedure, endeavour to find 
the locus of e when i is constant. 

The above equation can be written 
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1 . When s === i we have 

^ = i (r + jx) == OS in diagram (Fig. 207<d, the stamlstill, K.M.F. 

2. When s = oc, we have 

e = i{jX'-Z) == OA -h the short oireuit 
where OA = i, jx is the projectit>n of OS mi a liiu* {Ha'iHaidicular to 
01, SA == ir, and AB — iZ can be given any dinrliou or magni- 
tude by suitably adjusting the polyi^lxast^ mueliine wliost^ equi\^aleut 
impedance it is. 

3. As we vary s the vector .SVI [ AB / (;' | Z) \s varit^s in 
length but not in directioia. ihaict^ E ino\'es on a straight line. 
We already know two points on the straight lin(^ viz. OS and OB, 
corresponding to 5 == ^ and s - ' oo , henctj the loeus of tlu^ IC.M.F. 
vector E is the straight line passing through SI>, 

By varying Z, this line ma}^ be givt^n any dirt'etion whatsot^ver. 
The phase difference between current and It.M.K, will be the 
same whether we consider the current <‘onstant or the 
constant. We must, therefore, draw the constant IC.M.h'. along the 
same line as that along which we di'ew the constant current before 
(see Fig. 207&). 

The equation above shows that when .s* o, E oc, on constant 
current, or, if e is constant, i ^ O. 

We saw above that 

OB == i{jx--Z) 

and OE = i -h {jx - X)'j 

OE-OB =EB i 

i 

Hence, EB (Fig, 2076) is proportional to and, since OB is con- 
, EB i 

stant we may also write proportional to and, consc'quently, 
OB 

proportional to s. Draw a line SD ixarallel to OB through 

and one OD parallel to EB through O, Let OK cut SD in F, Draw 
a line FC parallel to EB. Fig. 208 is Fig, 2076 turned clockwise^ 
through 90°, 

SB OD EB ^ CF OD 

Hence, since OD is constant we see finally that the intercept DF 
corresponding to any current 01, cut off on a line parallel to OB, 
is proportional to the slip to such a scale that DS = J. 

Since the current is zero when S = o or DF =« O, it follows that 
OD is tangent to the circle at the origin. 
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This diagram is identical with that used for the ordinary induc- 
tion machine, with the exception of the arbitrary vector AB 
introduced by the commutator machine. 

It is clear that by varying AB we can give the line EB, which 
always, however, passes through the fixed point S, any inclination 
we please. 

Let us now consider cases in which AB assumes some special 
values. 

1. Let be parallel to OE^, i.e. let the commutator machine 
be arranged as a positive or negative resistance. Then OD will be 




pai'allcl to OEq, and the circle will have its centre on CM as in the 
induction motor. 

{a) Let AB be opposite in direction to 0/i„. The diagram 
assumes the appearance shown in Fig. 209. As .S7) (parallel to OB) 

tilts upwards, with increasing .I/:?, the slip increases for a given 


current OL That is, the machine is cumulativc‘lv compounded. 

(/;) Now let us suppose that AB is parallel to OE and greater than 
A S. Tlie diagram assumes the form of Fig, 210. F 1) is here opposite 
in sign to J)S. Now DS always represents a slip of 1 or zero speed. 
Hence for the motor part of the circle, i.e. that in which the machine 
consumes powc^r from the line, the slip is negative. That is to say, 
on no loacl tlie machine runs approximately in synchronism, while 
as the load comes on the speed rises, and the machine is, therefore, 
differentially componiuled, just as we can differentially compound 
a direct-current motor. 

(r) In a limiting case. 

AB = ./4S, and the diagram assumed the appearance of Fig. 211. 

For every value of 01 the point F coincides with the point Z>, 
and the slip is consequently zero. 

The machine is, therefore, synchronous, and if the slip is finite, 
say FD, it follows that the current must be 05. 



262 THEORY AND DESIGN OF ELECTRIC MACHINES 

2. Now let us suppose that is perpendicular to OE^, or 
parallel to OA. (Commutator machine a positive or negative 
reactance,) 

(a) Let be in the same direction as OA . The diagram assumes 
the form of Fig. 212. 

The centre of the circle is no longer on the line OA , and its radius 
is enormously increased. 

This has the effect of very much improving both the overload 
capacity and the power factor. The motor may readily be made to 
have a leading current above a certain load, 

(&) Now let ^B be opposite in direction to OA (Fig. 213), The 
centre of the circle will now be situated below the axis OA, and, 
consequently, the overload capacity of the machine as generator 
will be very greatly increased, while that of the machine as motor 
is correspondingly diminished, 

A limiting case of this adjustment is that in which AD == 0/1, 
and, consequently, B O and ES — OS. Since the tangent at 
the origin which is parallel to BS now passes through S, and S is 
a point on the curve, it follows that in these circumstances the 
circle must have an infinite radius and, therefore, be identical with 
the line BS. Under these conditions, therefore, the machine oiDcratcs 
at constant power factor. 

To sum up the conclusions which we may draw from our circle 
diagram — 

1. A series exciter cannot under any circumstances affect the 
no-load current or current at synchronous speed. 

2. By adjusting it as a positive or negative resistance we may 
cumulatively or differentially compound our induction motor, so 
as to produce a full-load slip greater or less than normal, or even 
zero or negative. 

This is easily seen to be possible when we remember that for a 
given current or torque the slip is proportional to the secondary 
resistance, and, therefore, becomes great or small, zero or negative, 
with it. 

3. By adjusting it as a positive or negative reactance, wc may 
adjust the power factor and overload capacity of our machines, 
either as generators or as motors. 

When adjusted in this way, these machines arc generally spoken 
of as '' phase advancers." 

Nothing has hitherto been said of the primary magnetizing cur- 
rent of the induction machine, which, of course, exists. Before any 
of these diagrams can be completed, therefore, a further line NE 
parallel to OE and at a distance ON from it must be drawn, where 
ON represents the primary magnetizing current. If 01 represents 
the secondary current, then NI will represent the primary current 
of the induction machine. 



CHAPTER XXVIII 


OPERATION OF A SYNCHRONOUS MOTOR FROM A 
POLYPHASE SERIES GENERATOR 


In the present chapter we propose to consider the general character- 
istics of a motor, having a natural frequency of its own when 
operated from a commutating generator. 

.For this purpose, we shall choose the synchronous motor as it is 
the most familiar, though it is ncccs5>ary to point out that such a 
motor would have no starting torque. 

A system of electric distribution in common use at the present 
time, particularly for purposes of traction, consists of a number of 
commutator type motors (usually single-phase series motors) oper- 
ated from a number of synchronous generators in the power house. 
In order to obtain a system iinalogous to this and in which the 
motors are devoid of commutators, we may operate a synchronous 
motor from a scries commutating generator, either of the single- 
phase or pol^q:)]iase type. Such a scrit's commutating generator is 
capable of generating electrical power in a manner entirely inde- 
pendent of frequency or wave lorm producing a voltage at every 
instant which is dirc^ctly proportional to the current at that 
instant, if we suppose the magnetic circuit un-saturated. 

It will be c<uivenient to consider such a generator as a negative 
resistance.'^ We have noted that the voltage in such a generator 
is directly proportional to the current at every instatit. 

Now the IK drop due to ohmic resistance is also directly propor- 
tional to the current at every instant, but as ohmic resistance con- 
sumes power, whereas a generator generates it, the voltage of the 
generator must be opposite in direction to that due to an ohmic 
resistance, thiit is, it must be such a voltage as would be produced 
by a negative resistance, did such a thing exist. 

The inductance of such a generator on moderate frequencies will 
be considerably less than its apparent negative resistance. 

Now, if a synchronous machine operates (as a generator) on a 
load consisting of ohmic resistance, it will consume mechanical 
power, and its torque will, therefore, be opposed to the direction 
of rotation. If E is the E.M.F, of the generator, the current, of 
E 

course, will be R being the resistance of the circuit. 


If, however, such a machine be loaded " with a negative 

E 

resistance — R, the current will be reversed, being — i.e. flowing 
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against the direction of the E,M,F. E, Hence, the torque will be 
reversed and the machine will be a motor. 

The frequency of this current will correspojxd to the frequency 
of rotation of the synchronous machine, since, as we have seen, our 
‘‘ negative resistance or series generator is (‘cjually ready to 
generate power at all frequencies. 

Hence, in this system as the sj^eed of the synchronous motor 
varies, the frequency will vary with it, being determiiK‘d entirely 
by the motor. 

The speed of the motor depends on the mechani<'al load. 

Let us now investigate the characteristics of this type of motor. 
The best way to do this appears to be by means of the circle 
diagram. 

In order to draw the circle diagram of such a motor running off 
the commutator generator, we proceed as follo^\^s — 

Let ^ == 277 X frequency in cycles per second be th(‘ frc‘cpiency in 
radians per second. 

^ = the motor E.M.F. at unit frequency (1 radian per 
second). 

pe == the motor E.M.F. at frequency />. 

- ir^ = the generator E.M.F. considered as negative resistance. 
ir = resistance drop in the circuit. 
ijLp = reactance drop in the circuit. 

Equating these quantities to zero, we get 

pe =i {r - r^) + ijLp = 0 
We may write the equation 

pe = i{r- r^) + ijLp as 4 = ^ JL 

This is represented graphically by the triangle, OAU fh'ig. 214). 

It is clear that as p varies, - moves on the .straight lino .shown 

% 

dotted (Fig. 214). If i were constant, of course, e would move on 
such a straight line. In order to find the locus of i when e is con- 

stant we must plot the reciprocal, of -4 for every value of i. It 

u well known that the reciprocal to a straight line taken in this way 
is a circle, passing through the origin. Accordingly, the locus ()f 

t 

-and of »■ is a circle passing through the origin (Fig. 215). 

Now the question is : What circle ? This we may solve as follows. 

& s 

When p = ao = jL, or i = 

» jL 
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This gives us the relation between i and e for a particular point. 
i is here at right angles to r, and has the value It is also a diameter 
of the circle. We must, therefore, set out e perpendicular to i when 



c 


Fig. 218 Fig. 219 

p oo , and this detenuines the relation ol c and i for every value 
of p. 

To hnd the value of i corresixmding to any value of p we proceed 
as follows — 

It is clear that OAjAB ~ tan 0 - and is propoi*tional to p. 

If, therefore, wo keep ()C constant, the length BC cut off on a fixed 
line by OB will be a measure of />. Thus we get our final diagram as 
in Fig. 216, where OV represents the current and RS represents the 
frequency. 

Since the flux of a synchronous motor is constant, wc see that the 
torque is proportional to MP, the projection of the current on OE, 
Hence, as the frequency varies, the speed torque characteristic will 
be somewhat as in Fig, 217, rising from zero at standstill to a 
maximum, and then falling again as in any other series type motor. 
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This point may be made clearer as follows. The terminal E.M.F. 
is p times the fixed E.M.F. shown in the diagram. PM is the 
component of the current in phase with the E.M.F. Therefore, 
PM X OE X A = output = k X torqtic. Therefore, torque 
PM X OE, or is proportional to PRI as OE is co^stal^t. 

We may readily generalize this diagram for the case in which the 
generator E.M.F. which we represented befoiu - is no longer in 
phase with the current, but makes any desired angle with it. 

In this case our E.M.F. triangle is no longer a right-angled 


e 

triangle, and the locus of - is as shown in Fig. 218. 

Apart from this everything remains the same, 'Jlie current corre- 

e 

spending to = oo is still i ^ -r, but it is no longc^r a diameter 


of the circle. A diameter of the circle passing through the origin, in 
fact, makes an angle with OA approximately equal to thcit made by 



Fig. 220 


the current with the generator K.M.F. 

It is clear, moreover, that the 
length BC cut off on a fixed line by 
OB will also measure the frecjiumcy 
if the triangle 0(U> is similar to the 
triangle OAB, and that for this 
similarity to occur 0(' must be a 
tangent to the circle at the origin. 

It is clear from this that 


nothing is fundamentally changed. 
The torque is still zero at starting and varies in the manner sliowm 


in Fig. 217. However, the maximum torque may be very greatly 
increased by this means, this being the chief improvenu'ut we can 
claim. The most serious defect, of course, of such a s^^stem is the 


absence of starting torque. How this may bo got ovct, we shall 
see later. 


Let us now consider a synchronous motor operating from a shunt 
generator, such as is shown in the diagram (Fig. 220) . "J'his generator 
is fitted with a transformer in the field to prevent self-excitation 
with direct current, and the brushes are so placed that it is not self- 
exciting with alternating current. With constant field stre^ngth, 
the voltage of the synchronous motor is proportional to the fre- 
quency. And it is clear that if the field winding of such a shunt 
polyphase generator is supplied with an E.M.F. proportional to the 
frequency, the flux produced by it will be constant, and the 
across the armature terminals constant at all motor speeds. 

In a word, a constant motor flux gives rise to a constant generator 
flux to balance it independent of the speed. 

The motor, therefore, will run at such a speed that its counter 
E.M.F. balances the fixed E.M.F. of the generator. It will, therefore, 
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run at a fixed speed. This speed cannot be adjusted by adjust- 
ing the motor held, for any variation will be exactly followed by the 
generator. It can only be adjusted by varying the generator field, 
or the number of turns on the motor armature. 

Hence, we conclude : (1) That machines operated from a shunt 

generator have shunt characteristics. (2) That their speed is 
independent of the motor field. (3) That it may be varied {a) by 
varying the armature turns on the motor, {b) by transforming the 
motor E.M.F. up or down before it is applied to the generator held, 
(c) by any appropriate means of varying the generator field, such as 
the insertion of self-induction, varying tlie number of turns, etc. 
(4) There is no starting torque. It is luinecessary to deduce circle 
diagrams for these machines as the general nature of the shunt 
characteristic is well known. 



PART VI 

CHAPTER XXIX 

FUNDAMENTALS OF ELKCTKICWL DEvSKrN 

In the preceding parts of the present volume an attempt has been 
made, starting from the most abstract point of view, to classify 
all the possible different kinds of d^maiiio cdectric machine and to 
describe examples of each class, omitting those so well known that 
a short general description can be of no service. The number of 
types described runs into several hundreds, and, of course, an 
unlimited number of further forms may be thought of or even 
derived from the patent literature. Now it is not the object of the 
manufacturing engineer to build as many of these forms as possible, 

' but rather as few as possible, provided these few give the best solu- 
tions to practical problems. To decide, out of the many possible 
forms, which are the most suited for practical aj^plicntion, raises 
the whole question of design. 

The subject of design has been exhaustively treated in many 
able volumes, such as those of Hobart and Miles Walker, etc., and 
it is not the object of the present work to attempt to duplicate these, 
which are essentially works of reference. The position of an elec- 
trical designer in a manufacturing cstablishmt‘irt at the i>resent 
time is extremely unsatisfactory. His function should obviously 
be the continual study and improvement of the product a.s fast as 
conditions of standardization permit. He should be in a position 
to make experiments on improved methods of proportioning his 
apparatus or the use of improved materials or improved types of 
machine, and this should be his principal function. Yet the drudgery 
of calculation is such that it is nearly impossible for him to ]')orform 
this function at all. His whole time is absorbed in dealing with 
orders.” This arises largely from the peculiar way in which it is 
customary to deal with calculations. A good example of prese-nt- 
day methods, for instance, is given in Miles Walker*s Spccificaiion 
and Design of Dynamo-Electric Machinery, in which the author gives 
a schedule for each type of machine, to be filled up with the particu- 
lars relating to it. Many such schedules are given in that work. 
All these contain a large number of blank spaces, each with its 
appropriate title, such as — 

Flux per pole. 

Leakage. 

Flux density. 


26$ 
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The schedule throws no light on how these quantities are to be 
calculated, and the designer is expected to memorize all the neces- 
sary formulae for doing so, this representing an important part of 
his professional skill. The result is that no two designers use identi- 
cal formulae unless they have received exactly the same training, 
and, consequently, there is always some difficulty in mutual compre- 
hension where several designers ol different schools meet. As 
is pointed out in Professor Walker s book, the designer is provided 
with certain data, these data being sometimes given expressly in 
the form of specilications, and sometimes being implied by the 
condition that the machine to be designed must meet standards 
customary for this particular application, or those set by the manu- 
facturer for his i:)roduct.‘ Fui'ther data are supplied by standard 
dimensions which must be used in order to accommodate the manu- 
facturer s standard parts. Onl^^ very small variations arc possible 
in a machine which is required to satisfy the conditions determined 
by these data, but the relatiims between these data and the final 
dimensions of the machine are rather complexly involved, and the 
formulae embodying them ate too complex lor direct use in calcula- 
tion, The designer, tlK‘rt‘lore, falls back on what he calls experi- 
ence, or ** judgment.” This means that by comparison, often 
unconscious, of machines satislying similar conditions, of which he 
has had past experience, he can tell tairly closely what the dimen- 
sions of a new machine should be. Assuming these dimensions, 
therefore, he checks back to see wlu*ther they result in the required 
performance, this requii'ing much simpler formulae. Tho result, in 
the hamls of an exp(n't, will usuall}’’ be prt^tty close, and a slight 
moditication in the assunu^d dimensions wiU cause the performance 
to come within the desire<l limits 

For instance, Hobart {Electric Motors, Vol. II, p. 347), after 
describing a design ]:>rocedure based on output coefficients, says : 
“ From this stage design involves patient calculations of magnetiz- 
ing cxirrent, circle coefficient, losses, stalling load, starting torque, 
and other characteristics as alrt^ad^^' outlined m earlier chapters, 
and the avoidance of pitfalls such as the ' saddle points ' discussd 
in Chapter XL It is only desired in this chapter to introduce the 
conception of the output coefficient and to indicate its utility as a 
means of stalling upon a design along reasonable lines.'' He then 
goes on to develop ii mclhod of roughly estimating the works cost of 
machines, and then adds (p. 350) : Of course, it is dangerous to 
assume that such considerations as suitable stalling load, percentage 
starting torque, percentage no load curi'cut, mechanical designs, 
etc., will not render impracticable the design with minimum total 
works cost, but even recognizing that the results are liable to 
occasionally require serious modification on account of these factors, 
a good deal is to be learned from a broad study of the field from the 
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outlined standpoint," The views of Hobart and Miles Walker 
represent present-day practice very closely. It will be ck^ar that 
this is not entirely scientific, and if it wore ix)ssible to calculate the 
dimensions of the machine directly from the required specilications, 
without the process of trial and error outlined above, very great 
advantages would be gained. The grcatcist of those advantages, in 
the writer's opinion, would be that the time of the exjx'rt design- 
ing engineer would be freed from this drudgeiy of calculation and 
could be given to his true business, which, as mentioned above, 
is the continual improvement of his j>roduct. A large' part of 
this difficulty arises from inatteudon to the mechanical details of 
calculation. Calculations arc usually i>erfonned by the slide rule, 
an instrument of extraordinary usefulness, but having scvc^-al 
drawbacks — 

1. The position of the decimal point is anibiguous, and, conse- 
quently, the use of the slide zaile must always be accompanied by 
a more or less subconscious mental calculation in order to ascertain 
this. In the hands of an expert, this is so habitual as not to be 
noticed, but the sensation of relief which is felt when the nect ssity 
for this is eliminated shows that it creates a certain amount of strain, 
even though this may not be recognized. 

2, The extremely fine divisions of the slide rule give rise to eye 
strain. 

Both these difficulties are overcome by the use of modern calcu- 
lating machines in which the result comes up in plain figures and 
with the decimal point definitely indicated. It is true they are 
less portable and much more expensive.^ A further advantage they 
possess is that by their means it is very easy to tabulate compli- 
cated formulae, and thus they render the achievement of the objects 
pointed out above possible. It will be shown in the following 
chapters that by this means we may separate the use of engineering 
judgment from the necessity for numerical calculations. Besides 
the data inherent in the problem, the expert designer xises his 
experience to satisfy certain further particulars and from these the 
dimensions of the machine flow by a direct and fairly simple process 
of calculation. When completed, this calculation can be checked 
back so as to reproduce data in such a way as to make mathematical 
errors wellnigh impossible. How this may be done is developed in 
the following chapters. 

It is the possibility of tabulation which enables us to overcome 
the difficulty of throwing electrical designing into a deductive 
form, the dimensions of the desired machine being directly derived 
from the particulars specified. 

These particulars are of several types. 


^ The type used by the writer is the Monroe, 
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1. Performance Specification including Horse-power or Kilowatts 
required — 

Particulars of supply on which it is to operate. 

Particulars of enclosure, ventilation, etc. 

Particulars of temperature rise. 

Particulars of efficiency and power factor. 

(These are often merely implied by the necessity of meeting 

competitioii.) 

2. Mechanical Requirements, External and internal diameters 
and core lengths cannot be determined entirely at the will of the 
electrical designer, but must be accommodated to a limited number 
of sizes to suit existing patterns. 

3. Questions of Ventilation and Heating. These are not susceptible 
of exact scientilic treatment so that empirical data and formulae 
depending essentially on the designer's skill and experience must be 
made use of. 

4. Workshop Requirements. Space-factors and clearances to per- 
mit easy and quick manufacture are essentially empirical data 
given to the designer from outside. 

It will be shown that all tlu‘se specifications may be interpreted 
by means of a few fundamental data which completely determine 
the design once they aie specified. The skill of the designing 
engineer is shown by so specifying these fundamental data that 
they lead to the best possible machine. 

From these fundamental data the most satisfactory way to calcu- 
late the results requii ed is by means of a schedule, not of the usual 
type such as that described l)y Miles Walker, but one in which 
the whole of the formulae rei^uired arc^ jdainly stated. When the 
fundamental data have been entered on such a schedule the 
calculation of the results recpxired becomes a purely arithmetical 
problem. 

Schedules of this type* enable us to make a psychological discovery. 
Even the expert designing t*ngineer, accustomed all his life to filling 
in the older type of schedule, and having the necessary formulae 
entirely by heart, can profit considerably by the new ones, although 
he fills them in by the use of tlie slide rule just as he did the older 
type. The reason of this vS(*t‘ms to be that with the older method 
relying on ** judgment," the designer is always subconsciously 
worrying about whclluu' ho has '' judged " the various quantities — 
copper or iron densitu‘.s, etc.— right, or whether they should not be 
a little higher or a little lower than he has chosen. With the new 
schedule, all these quantities arc uniqixely determined ,by the 
formulae, and when the designer has performed his single act of 
judgment by assigning the fundamental data, the rest is merely 
arithmetic, and the mind is relieved from the subconscious’ strain 
of performing repeated acts of " judgment " however simple. 
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Where a calculating machine is used instead of tlie slide rule, fm-- 
ther causes of strain are removed as just nu'iitioiuvl. But the chief 
gain of the method, of course, is that sincc^ tlu: lilling up of the 
schedule is merely a question of arithmetic, it ih-chI not be; done by 
a skilled engineer, but is well within the capacity of an intelligent 
lady calculating machine oiwrator, if udetpiatt' checking nitdhods 
such as those given below are used to reudi-r arithmetical mistakes 
impossible. 

The designer aims, not merely at prothicing a machine which 
' will fulfil the specification, but at producing tlui “ best ” machine 
doing so which usually, if the .specification is fairly ci>mplete as 
regards technical particulars, jiower factor, elliciency, i-tc., .so that 
these cannot be varied mxich, means that having i/u'iiifuiim cost or 
maximmn output for a given quantity of matt'rial. This is, of 
course, a question that can be dealt with niatlumuitlcally, as has 
been done previously in the case of transformers. 'J’he simplest 
type of d 5 mamo-electric machine is the induction motor, an<l, hence, 
this will be taken as the subject of the following stmly, although 
the results can readily be generalized for a largti number of other 
types of machine. 

The first difficulty to be met with is tlux (‘iiornious number of 
apparently independent variables which, at first sight, seems to 
make mathematical treatment hopeless. 'Fwo (‘.\pe<lients may be 
I adopted to reduce these — 

•^1. The number of conductors per slot depends on the voltage, 
but we may eliminate the necessity for considering different voltages 
and different numbers of conductors in the slots b\' e.xjxre.ssing all 
equations in terms of power (kW.) or kilovolt ampc'rt's. Jf we know, 
in fact, that the machine will bo for 400 volts ami will have a 
“ threaded ” wire winding, the engim>er a.ssigns as oiu! of the 
fundamental data an appropriate space factixr (say -3). Tlu! whole 
of the particulars of the machine can tluui be worki'd out inchxding 
copper losses, iron losses, efficiency, i>owx'r fac.tor, etc., withoxit 
knowing the voltage at all, merely ius.sxuning that tlui copixer fills 
three-tenths of the slot area, there being in eifVc'.t bxit oixc; t'.ondxxctor 
per slot. If, on the contrary, we know, xis in a s(iuirrel-cage, that 
there will only be one conductor in fact, wxx shoxxld bti justific'd in 
assigning beforehand a space factor of, say, -75 to *85. 'I'his is one 
point at which real engineering judgment can be manifi'sttsd. The 
calcxilation completed in this way, a short seixirato cxilcxxlation will 
give xrs the winding we must actxially emifioy. 

J2. The formxilae may be thrown into such a form that they apply 
to a machine of unit diameter, and all quantities sxxch as .slot climc'ii- 
sions worked out for a machine of this size. To obtain the slot 
dimensions, say, of a machine of any other diameter, say. A, we 
simply multiply those of the unit machine hy A. A theory worked 
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out on this basis may be called a Dimensional Theory, If these 
two expedients are adopted, it will be found that the number of 
variables is rendered quite manageable. 

Units, The object of the present investigation is severely practical, 
namely, to lead up to a method of calculation in which all unnecessary 
steps are eliminated, and which can be used with the least possible 
diihculty for the practical construction of machines. Now, however 
much we may deplore it, it is a fact that the system of measurement 
in use both in England and the United States is the inch system, 
and there is little likelihood oC change. Strongly though the present 
writer would support a change to the metric .system were it likely 
to succeed, there seems no advantage in one department of a manu- 
facturing establi.shmcnt using centimetres if the rest of it uses inches , 
and in the following investigations, therefore, inches will be used. 
Many of the formulae are independent of the .s^^stem adopted, and 
in the tables an indication is given of the changes necessary to 
convert to centimi^tre units. 

Symbolization. For I'casons which will be apparent on inspecting 
the schedules, the number of distinct symbols required is very large 
indeed. Each column in the schedule must be assigned a different 
easily legible symbol which has to be embodied m succeed ng 
formulae, and there are sometimes a great many columns. The 
plan adopted by the writer, therefore, is to use capital letters, 
working through the alj^habet from A to Z, then using a suffix 
as Ax, working through the alphabet to Z^, changing the sut'tix to 
2 as in A.^^^ and so on. So far it has not been necessary to go beyond 
Zg, though many different types of machines have been adapted to 
this form of calculation. All these calculations have much in com- 
mon and can, therefore, use the same symbols. Owing to the great 
multiplicity of symbols it is not xio.ssible to use standard letterings 
as E forE.M.F’s, / for currents, etc. This was tried at first, but 
found to introduce restrictions that were very inconvenient. 

Several engineers have jiublislicd x)ax:)ers in which the methods 
of calculating electrical machines (usually induction motors) have 
been thrown into a deductive form, but the problem which has 
hitherto becui unsolvtid, as far a.s the writer knows, is on what 
purely rational x>rinciple should the flux be determined. Clearly 
the jDroduct Flux X Ami)crc conductors determines the torque, 
but how can we determine whether it is best to use a large flux and 
small number of amx^ere conductors or vice versa, apart from some 
empirical rule ? 

Now in Fig. 221 (a) we have a winding adapted to carry so large 
a flux that there is scarcely any room for slo!:s to carry the 
conductors. Onthe other hand, in Fig, 221 (6) the slots are so large 
that there is hardly any room for iron to carry the flux. It is clear 
that neither of these extreme cases is satisfactory, but that there 


iS -(5510) 
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must exist some case intennediate between these where I lie product 
of Flux X Ampere conductors (for a given outside diameter (say 
unity) and a given inside diameter) will be a maximum. The rule 
that this product shall be a maximum then'foixs gives us a purely 
rational method of determining the best jiroportions of Ilux and 
ampere conductors containing no element of empiricism whatever. 
It is this rule whicli we shall next proceed to work out. 



(cc) (h) 

Fig. 221 

'^Fundamental relations. 

If J5 = air-gap diameter 
L = number of poles 

then z = distance spanned by 1 pole. 

JL^ 



Fig. ' 2‘22 


Very close results are obtained by taking the length of one end- 
connection from slot to slot as 


1-75 X 3- 14 16/1 _ 5-5/} 

L ”"■//■ 


(Fig. 222) 


The total length of one conductor may be taken as-- 

5-5/1 

Length single conductor = MS — (7 • ^ 

Magnetic density in teeth. Thi.s is limited by saturation and, 
since tooth saturation should be avoided in inductiiin motors, it 
is permissible to take it as an absolute constant, since it need never 
be less than the highest value that avoids saturation and should 
not be more. The effect of varying it will be investigated latiT. 

The average tooth density in inch units will be taken as 

•07 megalines per sq. in. 

It is necessary to adopt a single unit for flux, and this will bo the 
megaline in terms of which all magnetic quantities will be exprassed. 
Maximum tooth densities will be 1-57 times the above figures 
(assuming a sine wave). 

Copper loss 60° C. 

= -8 X 10'® (amps. i>er sq. in.)® X volume of copper (cub. in.) 
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A further set of variables we desire to eliminate are those relating 
to the method of connection of the windings, whether star or mesh, 
series or parallel, etc. 

We shall consider the machine to be drum-wound, the winding 
being made up of a number of identical sections, these, of course, 
being interconnected among themselves in some appropriate way, 
of which a very large number are possible. 

If in working out windings, etc., we take as a fundamental datum 
to be specified by the engineer not the terminal voltage, but the 



volts per s<‘ction, then the method of intcixonncction of the 
sections has no infiuence on the foniutlae. 

For instance, if in one machine we had 6 sections connected in 
star with 400 volts across the terminals, and in another the same 
sections connected in mesh, then, according to this plan, the 
engineer would in the first case specify 

Volts per section = V == 115*5 


and in the second 


Volts per section ^ N ~ 200 

and if this figure is given we can work out the schedu'^e without 
knowing how the sections are connected at all. By building up 
different circuits from a number of sections all having given volts 
per section, clearly several different terminal voltages can be 
obtained, (Fig. 223.) 
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UN —volts pel' section, L luinibt^r of pok^s, P cycles per 
second 

O == chord factor x bi'cadth factor 
H = total megalines (MX.) round circinnft‘i't‘nce 
= flux per pole (megalinos) X nuniiKT of j>ok^s 
(note that the flux H is defined in this manner throughout our 
investigations). 

N X L :< 100 
Turns per section — ^ ^ ^ ^ ; 

I This will be our fundamental voltage' formula. 

^ Heating Constants. A purely rational theory of heating is at 
present impossible, and we have, therefon', to rt'ly on t'xp(‘rienc(‘, 
using, however, some calculated figures known as Ih‘ating ('onstants 
as a guide. One of the most useful of tlu^so is tht' pey square 

inch of copper loss in the end-connections per unit of peripheral speed, 
calculated as follows — 

Work out the watts copper loss in the whole stator winding, the 
length of each conductor being calculated by tlu' rule above. 
Divide by the length of this conductor, and we havi‘ tlu' loss in 
1 in. of the whole stator winding measured a.xially. DiVide again 
by the air-gap circumference squared, multi])lie(l by tlu' revolu- 
tions per minute (Zf) (3*1416^ii**^) x Zj^ of the machine, and we have* 
very approximately the watts ]>er square inch pt^r unit jH‘rip]u‘ral 
speed on the inner side of the stator winding \vlu‘re the conductors 
are most tightly packed together and wlu'rc this ligun^ is ('onse- 
quently highest. Thus by calculating it at this ]>oint wt‘ err on the 
safe side. This figure, viz. — 

P:, 

3-i4i6%2 X X ii/a 

will be taken in what follows as a figure of nu^rit with resju'ct to 
heating. In our designs we endeavour to givti this figure a value 
dictated by experience (possibly aided by further (‘lupiric^il formulae 
which each engineer will employ according to his own vi('WH). 


The Dimensional Theory of the Induction Motor 


Let 

Part I- 

-The Stator 


Primary copper loss 


Ps 

Volts per .section 

■- N 

Number of stator slots 

=: 

I 

Number of poU^s 

- L 

Conductors per slot 

s= 

S 

Cycles per second 

= P 

Area each conductor 

= 


Chord factor 


Length each conductor 

= 

Ms 

X breadth factor 

0 

Current per conductor 

=: 

Jx 

Total megalines 

H 

Amps, per sq. in. 


Ji 

Number of sections 

R 



Stator space factor 

R.p.m. 

= 

« Z, 
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Vol. copper = S X I X x M^ 


Pg == -8 X 10-« X S X / X Gi X il /3 

Solving for 

= “'V 5 Jfi M, (““•'“"its) 

From the fundamental voltage formula 


Total conductors 



2 X N X L X 100 X R 
4-44 X O X P X H 
2-22 xZ'xOxPxH 
L X 100 


== Z'say 


Jy — volts per section X amps, per section X number of sec- 
tions = voltampei'os injiut. 




Note, il tlui volts change in phase Iroin section to sectioir there 
will be iin equal change in the phase of the cun-ent, so the product 
U J^ will remain the same-. 


NRJr ^ - 

2-22 
Put • 


2-22 11 18 . ' . P 

L X 100 

X 1118 O X P 
"Lx 100 


II 


z' P:,'xg; 


24-8 


' 3 

C) X P 


L 


V.A. inpxit ' - rll 




X Gx X Z' 
il/,, ■■ ■■ 


Now 


X Z' 

d; 


■ . total slot urea 


V /', X D, X total slot area 

. 

Now there are two tyIK^s of slot to be considered - 


(а) The parallel slot (Fig. 224 [a)). 

(б) The parallel tooth or taper slot (Fig. 224 (&)). 
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Taking the parallel slot first, and assnining the average tooth 
density to have the fixed value -07 at the uir-g;ip surface (the 
point x). 

Let A — external diameter stator plate 
B = air-gap diameter stator plate 
F — net core length F == -9 (C - D 
C = gross core length 
D = number of ducts 
E width of ducts 
T — permissible core density 

Width all teeth at air-gap == -r, 

° -07 X b 

Width all slots = 3- 1 4 1 6 i? 


■07 X F 


H 


Core depth = ^ n' v t may easily ho checked) 

jLi Jc J ^ 


11 


Slot depth - CT - - 11) - j. 

Area all slots 

-B) - 2 X F X 7' X 1 j 

V.A. input 


-rH 

Ms ( 


2 X F x t X l\ .()7 f,\ 


and thus the input is expressed directly as a function of II and the 
main dimensions of the machine. 

Our next step must be to express this function in a form in which 
the actual dimensions of the machine appear as a nu^’o mult iplicr. 
It may be expressed as follows — 

V.A. input 

E. / Axb>i ( / B\ ■ ) 

FA V Mg PV" " a) 2F X A X T X L) 


= rFA^ 


\ 


3-1416 ^ 
A 


H 


•07 X F X A 


or 


rFAm, 




3-1416i?« 


Ell 

•07) 
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if we put 


Now 


M., 


Ro 


B 

A 


Ho 


H 

F ^ A 


Wo = T X L. 


P 3 X 3-14162ZJ3 X Z, 

3- 14 16=^52 X xZE~ 


X 3-14162S2 


X Zi 


where = healing constant _ 3.1416.^. ^ 

Substituting, placing 3-1416 2?o.4 outside the radical sign and 
inserting the value of r. 


V.A. input 
78 X O 


FA- X X H,.Jh^,D,Z, 


Now 


P synch r. r.p.in. 


{ 


3-1416 A„-:^” 


I 


120 


120 


Substituting and jnitting 

.So=//„y|i(l |3-1416A,- 

we get the final relation (inch units). 

V.A. input 

= -65 :< FA - A Z,' '> ■: () VH,^1)\ a S^Ro 

and have thus expressed the voltani])eres input by purely rational 
means in terms of the quantity and a fojmula containing 

only terms independent of the actual dimensions of the machine. 
But the expression contains three variables, H R^, and W^. 
It will next be necessary to investigate what are the relations 
between them which make this quantity a maximum for airy given 
value of Rf,. Now clearly, when it is a maximum or minimum its 
square will also be a maximum or minimum, and this fact will 
enable us to eliminate the radical sign. 

Let 

y ;/.>[ J(1 -*.) - 

m ■■ H i 1 

- m. { - §1 - ^ - » 
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Cancelling the common factor and re-arranging 


2 X 07 X W, 


Solving for H<, we get the two roots of the quadratic, one of 
which does not correspond to practical conditions. 


H„ = 


, 3-14167?„) 

W, 5 

8 

2 X -07 X 


± 



1-Rc , 3-141(S 7v>'j--^ io X 3-'l41(SA>„(r]-A>„) 
•07 IV „ ) 2x“67”x'IF;“ 

8 ■" ■ - - - - 

2 x -07 X W~ 


Ho as a function of i?o and Wo, taking the other sign of the 
quadratic, is tabulated in Table II. 

In a machine with parallel stator slots and a siiecilied value for 
the number of poles X core density, and a given ratio Ro of air-gap 
to outside diameter, it gives us what has never hitherto been possible, 
a definite rule for determining the flux so as to give maximum input, 
which other things such as efficiency, etc., being equal means maxi- 
mum output. 

It is the deduction of this formula which justiiies us in asserting 
that a dimensional theory of the dynamo-elcctric machine is possible, 
viz. that the whole machine may be worked out for a standard 
external diameter, viz. unity, and then the particulars of the final 
machine obtained by enlarging or reducing to scale. 

It will be seen that it constitutes a purely rational fonnula which 
differs from others in the following respect.s — 

1. It gives voltamperes input instead of watts outpiit clearly 

more closely related to the losses and heating. ' 

2. It contains (A) the external diameter of stator plate instead 
of (B) the air-gap diameter. It seems reasonable that those parts 
outside the air-gap should have some influence on the input. 

3. It asserts that the input is proportional to FA^ instead of 
FA^ as usually stated. (This has also been suggested very succe.ss- 
fully by Mr. T. Tanaka, The Basis of Dynamo Design, Maruzen Co 
Ltd., Tokyo, 1920.) 

4 It shows the exact effect on input of the heating constant 
the chord factor, etc., O, and the space factor Dl. 

5. It shows that the input is proportional to the l*5th 


power 
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instead of the first power of the speed, thus taking account of the 
better ventilation at higher speeds. 

Slots with Normal Density One-third Up. Another type of slot 
which requires investigating is that which corresponds to the case 
in which the normal density occurs, not at the tooth root (the 
narrowest part of the tooth), but at a radius exceeding this by 
one-third of the tooth length. This is important because of the 
approximate magnetic theorem that the ampere turns required by 
the tooth will bo the ampere turns per unit length corresponding 
to the density one-third up from the nari-owest part multiplied by 
the tooth length. Assuming as before, tooth density (a constant) 

= -07 MI. per sq. in. 

Width all teeth 


Mean width all slots 


= 3-1416 (/; -b lU)- 


H 

'^7~~x~F 


coie depth 



L 


U 


11 


^ 2 s F X T X L 




Area all slots 


If 


-il-i - (/' I iifOf - j 


Put z>’' =-= />* I -Hr. 


/J [' 


M4i6(/>‘ 1 ir)-- 


07 P 


Area all slots 







^7 X F 




That is the same e<[ua.tions as bedoi'e with the diameter one- 
third up (instead of <>lu^-half up us in the parallel tooth type), sub- 
stitutcnl for the air-gap dianudtT and thc' constant as a multiplier. 

Taper Slots. TIutc^ is another type of slot in fairly common use 
known as the taper slot (or paralk^l tooth ty]>i'), and it is desirable 
that the above caknilations should be extciuded to cover these. 
The first part of the calculation remains as before, giving 



X Di X total wslot area 


Mg 


V.A. input 
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Assuming tooth density (a constant) — .07 M.L. per sq. in. 

H 

Width aU teeth = ^ 

*07 X r 

H 

Mean width slot = 3'1416 (B + - ' .(jy ' ^ ' ~p 


Core depth = 2 X F X if ~ x 7 ^ before) 

Area all slots 

- 2 X [s M - (B + a) t -.r;r/“" -rx-/.] 

[3..416(« I 


Put B' = B -j- U, the mean slot diameter^ and we have 


Area all slots 


= 2 X 



H 


2 X F X 




:m41(s IV 


H " 
»()7 X 


That is the same equations as before, with the mean slot diameter 
substituted for the air-gap diameter and the constant 2 as a multi- 
plier. 

Thus the whole of the preceding investigations become directly 
applicable, and the same flux is required for a given mean slot 
diameter, as was before required for the same air-gax") dia^u^ter. 
The slot area, however, is doubled, and hence the V.A. for a given 
loss is multiplied by Such machines will bo charactiTized by 
a smaller air-gap diameter than parallel slot machines, and this 
affects the rotor slot. 

Parallel Tooth. Working out the outi^ut formula in detail we 
get 

V.A. input 

= 2 X -65 X FA^ X X O X Vh[^ X SJi^ 


or putting F = xA 
A = -836^; 


voltamperes input 


65~X X X 0 X SJio X Vifie X D^ X Z-^ 
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remembering that is now to be taken at the mean slot 
diameter. 

Normal density one-third up. Working out the formula for 
A in the same way we get 

y voltampcres input 
•644 x X -K O X S„R^ X 

remembering that R^ is now to be taken one-third up from the 
gap surface. 

Now the last type of slot is the one which is by far the most 
frequently employed, especially in small machines. It appears to 
offer us a saving of 10 per cent in external diameter over that first 
investigated at the expense of a slot half as deep again and a smaller 
rotor. It is less advantageous where the output is limited by 
leakage and, consequently, deep slots arc no advantage, or where 
there is insufficient rotor slot space so that a reduction of its diameter 
is undesirable. 

The parallel tooth type of slot goes somewhat farther in the 
same direction, giving a further saving in diameter of -833—9 
= -925 or, say, 7.^- per cent. It is subject to the same limitations 
as the last type to an even greater degree. 

Core Length. It was shown that 

V = voltamperes iiqnit = s x FA * where 

s = -65 X synchr. r.p.m.i-o x x S„ R„ 

This formula jx-nnits the deduction of a vai-iety of rules 
for determining tlio core length so as to use a minimum of 
material. 

Unlike transformers, the dimensions of rotating machinery can- 
not be determined very closely by ]nire calculation, since they have 
to be accommodated to a comparatively small number of mechanical 
parts, which are all that it is possible for the manufacturer to stock. 
Hence, a rather rough rule is of just as much practical service as a 
more elaborate one. 

The rule wliicli will be adopted, therefore, will bo one wliich 
reduces the length of each conductor to a minimum. 

Assuming no ducts 

Length conductor = C |- = 1-112'' -f- 

For given values of Rg and Sg the slot area and, therefore, the 
cross-section of copper will be proportional to A. 
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Let cross-section of copper — /tr.4 

y = vol. copper = ^ z pitch windings) 


Let X 




dy 

llie„Ar.4 1-1 X 2k V 

Ja 

~ L .svl« 

WRJi 

2-2k7i 

L 

"" 'sA^' 

A* 

•5v X L 
s X Ro 


- 0 


F 71 

= -T, then ivl® — xA ‘^ - - 
A s 


•5?) 1. v 

s'x'r'o 


Finally, 


5 X L X X 
Ro 

£ _ Ro 

~ -5 X L 


If we give FjA this value the weight of copper will bo a mini- 
m iim Where ducts are used (these arc boccniiing old-Iushioncd) a 
figure of, say. -57 may be substituted for -5 in the above formula. 
Now in terms of H,,, R^, and TF,,, it is shown alK)vi‘ that 

Width slot =Ax Y ^3-1416 and the <iiuintit 3 '. 

.2^^ = (3-1416 2?,,-^’) 

Slot depth —A X 1 1(1 -Rg) - j i«i‘l (pianlify. 


Thus, from the tables we obtain ilirectly the value of tlui Ilux 
and the stator slot dimensions mcrclyv by multiplying by FA or by 
A respectively. Many designers will be disposcxl to look with 
suspicion on a method professing to lay down a definite rule for 
determining these quantities where they have been accustomed 
to trust their judgment." This was the writer's view when the 
above investigation was first carried out. In order to test the 
rule the various designs published by Hobart {Electric Motors, 
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3rd Ed., Vol. II, Chaps. XV, XVI. XVII, XVIII) were compared 
with the results obtained from the tables in the following manner— - 
From the data given by Hobart the values of and for all 
his examples were calculated. From these values the flux and the 
slot dimensions which should have been used according to the 
tables were worked out, and in the table below these are compared 
with the values which actually were used. The striking parallelism 
of these two sets of hgun^s is very evident, and it is clear that the 
designers of these machine's by their trial -and-error methods were 
attempting to reach the same goal which is exactly reached by the 
formula. That is, they were trying to obtain a maximum input 
consistent ^with given densities, etc. A converse way of putting it 
would be. that for a given rating they were trying to obtain the 
lightest specilic loading both of iron and cop]X‘r. Thus the formula 
accurately interprets what the designer iormerly aimed at sub- 


consciously 








Fit 

IX 

Slot Depth 

Slot Width 

Ref. 



1 


1 


L(‘tter 








Ac tii.il 

r>\ c'.ik 

1 Actual 

1 

l!y Cilc 

Actual 

By Calc 




in/in 

ni/iii 

in/in 

in/ni 


2*S 

8*08 

80 

25 -1 

10 

8 8 


IS 

18*2 

21*8 

82* It 

14*2 

15 

^>’i 

2-74 

2*98 

81*8 

28 

15-2 

15-2 


(vl2 

7*82 

88 

L’8*S 

14 

11-75 


l()-9 

9*(i 

20 

27*8 

12-5 

11 


114) 

1 1-7 

97-2 

28 5 

12 2 

11 

iK 

14*8 

1(S-1 

45 

52 

18-8 

18-5 

c\. 

17*8 

17-S 

25 

27*8 

10-5 

12*2 

IK 

40 

85 

52 

80 

18 

18-8 


27 

21*5 

89*7 

88*8 

21-8 

23-7 


84*0 

80*4 

48 

59-5 

27 

80-8 


88 

89 

51 

72 

21 

25-1 


Part I£” The Rotor 

Since the Ilux is already determined by the stator equation, a 
rather differc'iit treatim^nt will be a^ipropriate for the rotor. 

As with tlui stator, two types of slot i-equirc consideration — the 
parallel-sided slot, an<l the “ taper " slot, i.o. that corresponding to 
a parallel tooth. 

The tooth width is dcitermined by the stator flux H. 

If 7^2 number of rotor slots 

Width each tooth -- ~ 

•07 K F X 

Draw a circle of diameter B and two adjacent radii, meeting the 
circumference at xy (Fig. 226). 
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Let the distance moasm'cd circiinifori'iitiall^’, be the slot 

. , 3-1416B 

pitch . 

"2 

Draw lines as PR, ST, one on each side of the radii Ox, Ov, and 

JHl 

at distances from it equal to half a tooth width v- 

^ -07 F X IL, X 2- 

The lines PR, QR will meet at a point R, and the figure P, R 
represents the maximum size of slot possible consistent wi h a 
parallel tooth of a given width. (Fig. 226.) 

Such a slot will usually be fur larger than could be C‘mployed 
in practice, and quite unsuited to carry a winding, 'fhe lower jiart 
in particular being so narrow as to be ]>ractically 




Since rotor windings, moreover, are so frequently made of striji, 
a parallel-sided slot is more usually rcqtiired. 

Slot I. A parallel-sided slot itreans a tooth of varying widtli. 
If the minimum tooth width is to be unaUerc<l, clearly tlui i)aralle] 
slot must lie wholly within the figure PQR of I'ig. 226. 

Many different parallel slots can be drawn within the figure 
PQR, such as those with a corner at a, b, c, d (I'ig. 227), of which it 
IS clear that some are larger hr area than otlu'rs. For instance, 
those with corners at a and d clearly Irave smalk-r areas than those 
with corners at h and c. 

Our first problem, therefore, is to find the slot of maximum area 
lying wholly within PQR. 

If IF = slot width 

W„ = slot width at gap diameter == PQ 



elot, -depth 

maximum possible slot depth 


(sHieg 

V 0-7 X FjHi 

^PR (Fig. 226) 
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6-2832 X 


H \ 1 / H 

^ 6-2832 ~ -07 X F 


then by inspection 


\V„ Z,„ fV„ 


Area of slot 


WZ -^A' = Tl' Z 


= wz„ 


‘ -- - X - 211 ' -0 

^/ir ii'„ 

giving linally 11' - oH’o 

for inaximuni area 

and, consequently, Z -- ^Z,,, 

The following relation will be noted 


6-28v'12 Z„ 


Z„. - _3-^16 
IL, 


Thus the slot of niaxiniuni aiea is the slot of half the maximum 
possible depth. 

1 / H. 

Its area is IIV„ x iZ„. f 3-14 16Z>> j 


Slot n. hive u such a sl<»t IS olten too deep, since workshop 
considerations arc of very great importance in choosing the rotor 
slots. 

A tyi>e of slot often more practical is the following — 

Witli^ft. parallel slot ami, tliereforo, variable width tooth, a good 
approxiniatc rule in calculating the ami)ere turns is to work out 
the magnetic' densitic^s at a jioint one-third ol the tooth length 
distant from the narrowest cross-section, and then calculate the 
ampere turns on tlu‘. assumption that the saturation has this value 
throughout the lt‘ngth of the tooth. 

The type of slot we are tibout to consider has the sa77ie area, 

is wider and shallower since the cross-section of cJl teeth at a 
point " one-third up ” is 
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Slot area = 


3-1416 X 8 X 


( 


3-1416S - 


H 


•07 X FJ 

= W -kZ 


3-1416 
-1416B - 


(-¥)- 


(3.. 


H 


H 

WH = 

“ -07 X F 

3-1416 X 4 


2H.^ 
by hypothesis 


■07 X F 




X Z = WH., 


6-2832 X - 


3-1416 X 4 


X Z = WH.^ 


3-1416 

From previous equation W X H^ x Z = — — Z„ 


Substituting for WH^ 

3-1416x4 
6-2832Z^ 


0 


2 


\ ^ 3-1416 ^ , 

X z]z ^ Z„ 2 = 0 


3-1416 X 4 


or 


- 6-2832Z,„ Z H- 


3-1416 


3 " 

Solving this quadratic 

E = „ , ^ ^ . . > •2’,„ (1 i a/^) 


= 0 


Taking Z 


3-1416 X 4 
Z = •32Z^ or l-18Z„ 
•32Z„ we get 


•32 X IF X Z„ = 


3-1416 

2H^ 


Z„2 


or 




2H^ *32 




Thus this slot is 55 per cent wider than the last and correspon- 
dingly shallower, thus being of a more practical form in many 
cases. 


Note. If we put 
area all slots = 


H B 

-= 7 = and — == R^, we have 

R X A ^ A ^ 


3-l^#6 X 8 


( 


3-1416 ^ - 
A 


H 


07 X F X A 
A^ 


y 


3-1416 X 8 


(3-1416i?,-^y 


Writing j 3-1416i?„ - 

it will be seen, referring t o the discussion of the stator, tha t 

Sq = X Varea all stator slots when A ^ I 
If we put 

(3-1416J?,-^) 

= jpfy *\/ area of all rotor slots when A = I 


T = — _ 

Vs X 3-1416 




/area all stator slotg 
» area all rotor slots 


Then 
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Slot in. Occasionally, especially where wire wound rotors are 
employed, the amount of winding space given by slots I and II 
may be insufficient. 

In this case a taper slot (parallel tooth) of the same depth as 
slot I may be employed. 

Since 2W = W o, the mean width of such a slot is 


liW + Wo) == UW + 2W) = iiw 

and its area, therefore, \\WZ instead of WZ as in slot I. 

Thus the area of slot III is 1 J times slot I. 

It should be noted that what has been done is to work out 
formulae for three different kinds of slot, so that the designing 
engineer may use his judgment as to which type is most adapted 
for a particular machine. It is here, viz. in drawing up the design 
schedtile, that his experience can be used to the^ best advantage, 
not in the more mechanical work of making the actual computa- 
tions. 

But a very considerable reduction of the slot depth may make 
very little change in its area. Consider the effect on the area of 
reducing the depth Z to pZ {p <. 1). 

We had 


Slot I 


]V _ 

Wo 


and W = iWo 

and Z — max. area. 

If Z = ipz^, W = {I- ip) Wo 

(1 - iP) Wo X ipZ^ = X p {2 -p) 

Now the area of slot II was iWo X JZ,„. Thus — 

The effect of reducing the slot depth from Z to pZ is to reduce the 
area in the ratio p{2- p) : 1. 


SlotTII. In this case as before. 


liZ^lpZ^. W {I ^^P) Wo 

Mean width slot = | {W + Wq) = hWo\ (2 - i/>) 

Area 

PiA -p) 

\pz^ X Wo (2 - ^P) = Hx Wo X iZ^ X _ 

Now the area of slot III was 1 J x iWo X ^Z^. Thus 
The effect of reducing the slot depth from Z to pZ is to reduce the 

. P{^-P) 

area in the ratio 

The values of these two functions are tabulated below. 


X9-~(55io) 
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In some cases, for instance, in the direct current machine the 
revolving armature alternator or the rotary convertor (to which, 
however, the investigation below does not apply without modifica- 
tion) we should aim at obtaining a maximum rotor input instead of 
a stattarinput. 

In carrying out this investigation it will be assumed that slots of 
type I or type II are employed. 

Take the case of the revolving armature alternator as presenting 
the greatest analogy with the induction motor considered above. 


Let 

Permissible Rotor Loss = P4 
Number of Rotor Slots = H^ 
Conductors per slot = 

Area each conductor = Sg 
Length each conductor = M4 
Current per conductor == Cg 


As with the stator 


Volts per section 


Number of poles 

= ^2 

Cycles per second 
Chord factor 

= P 

X breadth factor 

= F, 

Total Megalines 

= H, 

No. of sections 

= D, 

Rotor space factor 

= P2 




P 4 X Sj, 


H^ X Jf^ X M^ ^ 
From the fundamental voltage formula 
Total conductors = X H^ — Z" 

2 X Fr X 7.2 X 100 X D 


4-44 X X H^ X P 


Volt amperes input 


E,, X C2 X 7>2 

1118 X 4-44 X F^ X H^ X P jP^ X S2 X H^ X J^, 
2 X Lg X 100 V M 4 


5*2 X H 2 X Jo 


= total rotor slot area = iJg X Y2 say. 


Put 


1118 X 4-44 XF..X P 


2.x L^X 100 
V.A. input = rJH^ ^ 


= ro 


Pa X Pst X total rotor slot area 


M4 


Choosing Slot II above as being the most practical and taking 
the average tooth density as t, while B' is the diameter " one third 
up " the slot. 
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Effective width all teeth 


t X F 


Width all slots 3-1416 B' - — = WH^ 

t xF ^ 

From previous investigation 


WH^ 15-3Z 


Area all slots 


V.A. input 


Put 


- W: 


3-1416 


Y 

t X F] 


^ ^ = WHJ. 


P. X P, 


- 3-1416 B 

V M. X 15-3 V 


t X F 


1 rr Hr 

= ^ and Bor = p ^ 




Pi X Pa 
M. X 15-3 


3-1416 P,. 


X PB2 


Now put jF/ge = rotor heating constant 


M 4 X 3-1416 2^2 X Zi 


^ = H.e X 3-14162^2 X 


Substituting these values, putting in the value of r and remcm- 


P Z 

hering that 7 ;^ = 


1118 X 2-22 


120 X 100 X Vl5-3 X 3-1416 


VB ..6 X Pa X P^ X FB^ X Zji-s x Bor (3-1416 Boo - %) 


= -0168 FB^Zi 1-5 X 
VB,« X Pa X Fa X Bor (^3-1416 B^ 


-%) 


It is clear that the function St, 


= .ffor( 


3-1416 Bo 
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corresponds to RgSo in the stator investigation, and for the same 
reason should be a maximum 



3-1416 


2H^ 

t 


= 0 


H^ 


3-1416 X t 


X 


H„ 


= ]J|708B„ 


(If for instance we take t = -07 as in the stator, we get the simple 
result. 

ffor = *11 ^oo) 


Using this relation (for any value of t) 
Let 


ancl u QQ — 


Then 


if. 




3-1416 


= f 

“ 15-3 V 


H. 


or ) i 


3-1416 


Putting in the value of in terms of 

t 

^ 1-5708 Bpo 

= -1025 

Z 

Thus the three quantities H^r, Uoo, and can very simply be 

tabulated in terms of alone or the simple formulae for them 
can be incorporated in a design schedule. For the maximal condition 
we have 

H„ (3-I4I6 B,, - t 

and 

V.A. = -0414 Vifae X X X B„„^ t 

as the final output formula. 

Assuming suitable values for Bgo and t, this serves to calculate 
B and the above formulae then give the slot dimensions. The rule 
F B 

for detemcuning ^ is identically that given for ^ above, this investi- 
gati<»3: appl 3 dn;^ uiudianged. 



CHAPTER XXX 

CALCULATION OF AN INDUCTION MOTOR 


It is not expected that the detailed schedules developed in this chapter 
Will be used exactly as they are by expert designers who will naturally 
prefer their own. They are intended to refute the fallacious conception 
that electrical designing cannot be reduced to rule because repeated acts 
of “ engineertng judgment ” have to be performed, by showing one way 
{with, by inference, many alternatives) in which all these “ acts of 
judgment ” may be concentrated at the outset instead of dispersed 
through the calculation. They are also intended for students. While 
they exhibit the writer’s practice, he is well aware that no two designers 
think alike. 


Sheet I. Data Sheet 

The first sheet of the calculation schedule is the data sheet, 
which collects together the data on which the rest of the calcula- 
tion is based. These may be divided into several classes. 

1. Constructional data — 

L = number of poles. 

I = stator slots) the leakage depends very largely on 
H 2 = rotor slots J the choice of these. 

R = number of stator groups. 
i ?2 = number of rotor groups. 

7g = net air-gap. 

= slot opening. 

Tjj = factor for determining length of secondary end-connec- 
tions. 

D X E = number of ducts x width duct. 

2. Data depending on the Specification — 

N = stator volts per section. 

Eg = rotor volts per section. 

ZjL = revolutions per minute. 

H.P. = horse-power of the maching. 

3. Data drawn from workshop practice — 

Di = stator space factor 

jFi = rotor space factor. 

4. Estimates which will be checked by the calculation — 

K — estimated efficiency. 

= estimated power factor. 
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5. Data which represent decisions made by the designer based 
on previous experience of what values lead to the most satisfactory 
design — 

R^ — ratio of gap diameter to external diameter (this decision 
is guided by reference to the tables) . 

W Q = core density x number of poles. 

O — chord factor x breadth factor. 

== heating constant. 

= saturation factor (this may be calculated, but it is often 
not worth while doing so). 

q = quality factor in iron losses depending on the grade 
used. (A value of q should be chosen so as to bring 
the calculated iron losses as near to the tested value 
as possible.) 

53 == friction and windage factor (this also should be empiric- 
ally chosen). 

On the same sheet are entered the constants required for the 
leakage calculation for different types of stator and rotor winding. 
It is necessary to decide which of these to use according to the 
type of winding desired. In the sheet on the opposite page, those 
to be used are ticked. It is also convenient to note the most usual 
values of the heating constant. 

Besides the data given, it will usually be necessary to determine 
the external diameter and core length to suit existing patterns. 
The formula gives an ideal value, and the nearest practical value 
(which may not be very near) must be chosen, say, from a manu- 
facturer’s list. An unskilled calculator should refer to the expert 
designer at this point. Further data are given by the wire table. 

When these data have been determined, the rest of the calculation 
follows a predetermined course and only one machine can result 
for good or evil. The calculation shows what the characteristics 
will be, and, if the data in sheet I are unskilfully chosen, these 
characteristics may be inferior. If so, an alteration must be made 
in the data and the calculation repeated. But by isolating, as is 
here done, the factors on which resxilts depend, a wise choice is very 
much facilitated. 

The factor having the greatest influence on design is Where 
the design has real elements of novelty, it may be desirable to work 
out in parallel columns the effects of systematically varying Rq 
through a certain range. 

It is sometimes convenient, largely for mechanical reasons and 
to minimize leakage, to take the stator slot depth W-^r, different 
from that given by the formula. The schedule is so designed that 
W^r may be derived from data, instead of calculated, if so desired. 



SHEET II 
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Sheet II. Determination of the Leading 
Dimensions and the Flux 

The procedure is as follows — 

-r-. . 1 ^ core length ^ 

First calculate the ratio — 7 —. — from the formula deduced 

ext. diam. 

above, then, taking from the table and calculating the estimated 
volt-amperes input f /om the H.P, and estimated efficiency and power 
factor, substitute these values in the input formula. From this 
{a) the external diameter and (b) the core length may be calculated. 

The nearest practicable values to this may then be taken from 
a manufacturer's list of pattern dimensions, either so as to allow 
some margin, or so as to give the same A^F. Quite wide departures 
from the ideal core length may be permitted 

In actual practice it is seldom that this preliminary calculation 
will be needed, as in most cases the external diameter and core 
length will be chosen as follows — 

A manufacturer's list will be at hand, giving standard machines 
of approximately the required horse-power and speed. Referring 
to this list we can at once see that the proposed design must be in 
" frame size so-and-so." 

But this preliminary calculation is useful — 

1 . When it is desired to revise a list and ascertain whether it 
really represents the greatest economy possible. 

2. When two different types of machine are to be compared as 
regards their practical merits. It is then desirable that calcula- 
tions of both should be made on rigidly uniform principles, empirical 
decisions being reduced to a minimum. 

Sheet III. Determination of the Leading 
Dimensions and the Flux {contd,) 

Having determined the external diameter and core length, we 
proceed to determine the flux and slot dimensions. These may be 
derived from the tables as shown on the calculation sheet, or may 
be decided empirically. While those having little experience of 
their use, tend to distrust the tables and to rely on their own 
" judgment," yet the longer one's experience of the tables becomes, 
the more one recognizes how great a help they are. If the tables 
are used, the two columns headed " Revised gap diameter " and 
“ Revised slot width " become mere checks, since, if correctly 
worked, they give the same results as the tables. 

In some cases the dimensions derived from the tables give too 
high leakage (the second example calculated is chosen to give an 
example of this) and it becomes necessary to cut down the slot 
depth to correct this. This is practically the only remnant of 
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empiricism left in the present method of calculation. It arises 
because the number of variables in the leakage function is too great 
to permit of ready tabulation, so that we cannot predict the leakage 
from tables prior to calculating dimensions as we can other features 
of the machine. 

In the second example, then, we first calculate strictly from the 
tables giving a deep slot (2-52 in.), and go forward with the calcula- 
tion till we reach the leakage. This being too high, we reduce the 
slot depth to 1-5 (raising to *48 and H to 24), and recalculate, 
obtaining the desired result. It should be noted that the flux H 
is in megalines and is the total flux = flux per pole x number of 
poles. 

Sheet IV. Rotor Slots 

Sheet 4 gives formulae for the calculation of three different 
types of rotor slot. 

Type /. Relatively wide and shallow, characterized by the fact 
that the magnetic density at a point one-third up from the tooth 
root is the same as the stator tooth density at the narrowest part 
of the stator teeth. 

This will be by far the most usual slot to be employed. 

Type //. Deep and narrow. This has the same area as Type I, 
but the magnetic density at the tooth root is the same as the stator 
tooth density (at the narrowest part of the stator teeth). 

Type III, Parallel tooth. Where there is a large number of 
round conductors per slot this type may be employed as having 
a slot area 50 per cent greater than slots I or II, and a magnetic 
tooth densi y equal to that of the stator teeth. 

Types I and II are rectangular, and suitable where strip windings 
are to be used. 

In the case of the second example worked, it is necessary to reduce 
the slot depth in the ratio of *65 to 1 *0 in order to keep the leakage 
down. This final revision will be found in the last three columns. 

Sheets V and VI. Winding Calculations 

The procedure followed is to calculate the turns per section from 
the given volts per section and the fundamental voltage formula, 
and from this to determine the conductors per slot given the number 
of slots and sections. This will frequently not be exactly a whole 
number, and, since it is obvious that a fraction of a conductor per 
slot is impossible, the nearest whole number must be chosen. Where 
the number of conductors per slot is large, no harm results from 
this procedure. Its only result is that the flux (and consequently 
the magnetic densities) as worked out in the check calculations 
from the number of conductors finally chosen will differ slightly 
from that originally derived from the tables. Where tbfi-Qumber of 



Shallow (Usually Best) Deep Taper 



2-45 X 28-66 -405 I-S3 



Winding Calculations (I) 




Winding Calculations (II) 
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Take chord factor *83 pitch I-l 1 
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conductors per slot is small, however, a different procedure must be 
adopted, as described below. The number of conductors per slot 
being determined, the best area of each conductor is derived from 
the slot area and the space factor determined by workshop experi- 
ence. Referring to the wire table, the size wire nearest in area to 
that theoretically determined is chosen, the effect of this choice on 
the space factor becoming evident in the check calculation. For a 
wire-wound rotor the calculation pursues exactly the same course. 

In the second example chosen, this method cannot be followed 
since the calculation made direct from the tables for an arbitrarily 
chosen number of slots (72) gives 2*74 conductors. To take the near- 
est even number of conductors (2) {even, because we wish to use a 
two coil per slot drum winding) would mean a very large percentage 
change in the flux. To accommodate these circumstances we have 
two resources : {a) to vary the number of slots, (^) to vary the chord 
factor. By adopting 96 slots the number of conductors is reduced 
from 2*74 to 2*0, and by reducing O from *96 to *83, giving a pitch 
of 1—11, the increased flux of 24 megalines is obtained, which is 
needed to give adequate overload capacity. 

In calculating the rotor winding of the second example, we 
simply take the slot size determined as above, and place in it tw’-o 
conductors so proportioned as to fit it comfortably^, the rotor 
voltage being determined simply by the ratio of the slots if we take 
the rotor chord factor X Br. Co. the same as the stator. When the 
rotor copper loss comes to be calculated we can check that the 
amount of rotor copper is sufficient. 

Sheet VII. Commencement of Check 

What may be called the “short calculation “ is now finished. 
That is, the dimensions of the punching have been determined, and 
a suitable winding to fit the slots has been worked out. This may, 
in some cases, be enough for estimating purposes, but, before the 
design can be regarded as finished, a careful check must be earned 
out for several purposes — 

1. To determine the characteristics, both primary [heating and 
(in the case of an induction motor) overload capacity] and secondary 
(power factor and efficiency). 

2. To see that no arithmetical errors have crept into the calcula- 
tion. The effect of an arithmetical error might be to proportion 
the machine in a worthless manner, so that the money expended 
in building it might be wholly wasted. 

3. To check that all workshop requirements, such as ease of fit 
of windings in slots, etc., are met. 

The check is commenced by calculating the magnetic leakage. 
Many different formulae for this purpose have been published, 
usually in a form giving the “ leakage coefficient “ or ratio a = 



Leakage Function Basal Short-circuit Watts Check H.P. 
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(magnetizing current)/ (short-circuit current). But the magnetizing 
current is a very variable factor, depending largely on unpredictable 
differences of air-gap between machine and machine. If we calcu- 
late the above leakage coefficient and arrive, say, at the result 
a z= *05, then if the magnetizing current is 10 amp. the short-cir- 
/Magn. curr.N ^ 

cuit current f — j will be 200 amp., while, if through a slight 

variation of air-gap it becomes 11 amp., we are led to believe that 
the short-circuit current will be 220 amp. which is not true at all, 
since the short-circuit current is scarcely at all a function of the 
magnetizing current. It is quite untrue, for instance, that the over- 
load capacity can be increased by increasing the air-gap (which 
increases the magnetizing current). It depends almost entirely on 
the short-circuit current. For this reason it seems better to the 
writer to work out formulae giving the short-circuit watts or volt- 
amperes direct, and such a formula is presented in sheet 7, which 
may be relied on to give results in close accordance with experiment 
as it has been derived from a very wide range of machines. 

Having calculated the short-circuit watts, a check H.P.*' may 
be worked out from the very rough formula given. This is a H.P. 
rating which allows 100 per cent overload capacity after ample 
allowance has been made for reduction of overload capacity by 
primary resistance and by allowing for the magnetizing current. 
So long as this check H.P. is in excess of or equal to the H.P. given 
in the data sheet, the machine will have 100 per cent overload 
capacity or more. 

In the case of the first example the check H.P. is 10*9 nearly 
double the rated H.P., so that the machine will have nearly 200 
per cent overload capacity. Clearly, in this case, it is heating that 
determines the rating. 

In the second case, however, the first calculation, made direct 
from the tables, gives a seriously defective horse-power, a figure 
of only 266 being reached where we should have at least 500. Exam- 
ining the calculations, we see that the leakage function is if anything 
higher than that of the tiny machine first calculated, this being 
due (i) to the deep stator and rotor slots, (ii) to the small number 
of slots. Since the overload capacity is proportioned to a slight 
increase in II will clearly increase the overload capacity very much. 
The machine is accordingly recalculated with more and shallower 
slots, and a somewhat increased value of If when we get = 585 
which is quite satisfactory. 

Sheet VIII 

We first calculate the internal diameter which would be per- 
missible if the rotor core density were equal to the stator core 
density. This should be large enough not only to admit the shaft. 


20- (5510) 
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but to allow of any longitudinal vent holes which it is desired to 
use. The actual internal diameter is then chosen to suit the draw- 
ings. A table of shaft sizes, spid^er dimensions, etc., will usually be 
at hand to facilitate this, and should not be greater than this. 

The stator core density and tooth density are next checked to 
make sure that they agree with those derived from the table, and 
the leakage coefficient calculated. This is called here Da for uni- 
formity instead of (c). This involves the calculation of the effec- 
tive gap. The formula given involves the saturation factor St, 
which may be calculated or derived from data, and a further func- 
tion which the writer has found to work well derived from Carter’s 
well-known curve by replacing it by the nearest parabola. Having 
obtained the effective gap, we calculate the magnetizing volt-amperes 
and divide by (Ja as calculated above. 

Having obtained Da and the overload capacity, the power factor, 
which is, neglecting the primary resistance, a function of these two 
quantities above, may be obtained from the table. 

The effect of the primary resistance, which has been neglected, 
is slightly to raise the power factor so that the value obtained from 
the table is slightly lower than will be realized on test if all other 
results are exact. 

The primary copper loss and heating constant must next be 
worked out. The values given for the heating constant work well 
for a wide range of machines, but each designer will prefer to choose 
for himself the heating constant he prefers to work to, since on this 
point almost more than any other does the excellence of the design 
depend. 

Sheets IX x\nd X 

The rotor copper loss is next calculated in the same way as the 
stator copper loss and the iron loss calculated, the quantities F.^ 
and being derived from tables when we know T^ and C 4 , with the 
exception of a " quality factor ” q depending on the grade of iron. 
For instance, if g- = 1 for an ordinary grade of iron, for silicon steel 
(Stalloy), we shall have q = -5. All that is claimed for these tables 
is that the result is proportional to the iron losses observed on test, 
and that by a suitable choice of q close accordance may be reached. 

Besides the ordinary iron loss, there is a second '' pulsation ” 
loss due to the high frequency oscillations in the iron of the teeth 
owing to their rapidly passing the teeth on the other member. 

This consists of two components, one consisting of an empirical 
factor multiplied by the gap area, and the other depending on the 
width of the slot opening. This second component is usually small 
for semi-closed slot machines, but for open slot machines it may 
mount up to very large figures. No great accuracy is claimed 
for the result of this formula, but it should always be worked 
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out. If this second component works out to a large value, it is an 
infallible indication of damger. The writer has known large and 
costly machines entirely scrapped as the result of high iron losses 
incurred by neglecting to study the pulsation losses due to open 
slots before construction. 


Sheet XI 

The various losses are next added up and the final full load 
efficiency calculated. It is useful also to work out the primary and 
secondary currents for use in the specification. 
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WINDING SPECIFICATION 

Date 

Ext. diam. {A) 10. Core length (C) 3*5. Ducts {D x E) 0. 

H.P. 5. R.p.m. (Zj) 1500. Line volts (F) 400. Cycles (P) 60. 
Phases 3. Amps. {A ) 7T. 

Patt. E.V. Rating Cont. Wiring diag. Punch dwg. (below). 
Amps. (.4 2 ) 11‘5. 

Stator Spec. No. Slots (/) 48. Poles (L) 4. Slots wound (/ ) 48. 
Groups (R) 12. Cond. slot (S) 25. Size wire (Hj) 171. Diag. 

Rotor Spec. No. Slots (H 2 ) 36. Poles (L,) 4. Slots woixnd (H^) 36. 
Groups (Rg) 12. Cond. slot (Sj) 16. Size wire (H^) 16. Diag. 

Check data pri. volts per sec. (N) 57-5. Ch. F. (G) *96. Sec. V. 
per sec. (E^) 27. Sec. Ch. F. (Og) *96.. 

Length F. sec. condrs. (Lg) 4. Rotor Ch. F. (Aj) *96. Stator 
parallels (W) 1. Rotor parallels (Wg) 1. 
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Sheet XII. Winding, Specification, and 
Punching Drawing 

The data sheet for the winding specification is drawn up with 
the symbol for every entry in brackets next to the title of the entry 
as “ r.p.m.(Xi) ” Similarly, the symbols for the different punching 
dimensions are entered on the punching drawing. If this is done, the 
particulars of both winding specification and punching drawing can 
be filled up direct from the corresponding columns of the design 
calculation already made. 

At the bottom of the winding specification certain further data 
are given, the s 3 Tnbol for each entry being again given next to the 
the title of the entry. These can be entered up from the original 
data sheet or from the corresponding columns of the design. 

When 1. The Winding Specification, 

2. The Punching Drawing, 

3. The Further Data 

are entered up, it is possible to work a further check from these 
alone without referring in any way to the original design. This is 
done on the next sheet. 

By this plan we work out a second time and by different formulae 
many of the most important quantities calculated in the original 
design, and do it direct from the figures that are to be used in 
manufacture, thus checking, not only the design, but clerical errors 
in filling in the sheet. 

This check is, of course, applied without consulting the original 
calculation in any way. It might even be carried out by a different 
person, though this is not really necessary. A check calculation 
has not been worked on the second example. 

Check Sheets I and II. 

An endeavour should be made to keep this check calculation on 
a single sheet, working, if necessary, on both sides of it. The check 
calculations can then be filed to correspond with the winding 
specifications, and form a convenient compendium of the design for 
ready reference. 

The points checked are as follows — 

Stator and rotor magnetic densities in tooth and core. 

,, ,, space factor. 

,, ,, current densities. 

„ „ copper losses. 




D2 IS always used for rotor slot width check for cases where other types of slot are used 
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Chkck Sheet II 


stator 

Current Density 

Rotor 

Current Density j 

Stator 

Copper Loss 

i 

Rotor 

Copper Loss 

h 

^2 



■^s 


•S X X JV/g X /q 


IOOOjw X Gj 

lOOOa’2 X Gg 

7 6 

11*5 

•8 X (3-6)2 13.1 ^ 2 56 

•8 X (3 56)2 / 13.1 ^ i.jjg 

1000 X 00212 

1000 X 00322 

3 6 

3 56 

?50 

258 


With a little experience any abnormalities in these quantities 
will at once be apparent. In general, the check sheet, when com- 
pleted blit not before, should be compared with the original calcula- 
tion when any discrepancy at once gives the danger signal. A 
good rule is to insist that both in the original and in the check sheet 
the numerical values shall first be substituted in the algebraical 
formulae and written down in plain figures before an^^^ arithmetical 
operations are performed on them. This is an immense help in 
checking any discrepancy, if it occurs. 

The process of calculation just given is within the capacity of 
anyone having enough elementary algebraical knowledge to under- 
stand the formulae, and a sound knowledge of arithmetic. Such 
calculations must always be undertaken under the direct super- 
vision of an expert designer, but, subject to this condition, no 
electrical knowledge is needed for the calculations themselves. But 
it is obvious that such calculations cannot be performed without 
some mechanical aids — either a slide rule or a calculating machine. 
Now a fair amount of skill is required to use a slide rule (*' it takes 
a good deal of learning ” in everyday language) owing, as pointed 
out above, to its ambiguous decimal point and the difficulty of 
reading its fine divisions accurately. 

These difficulties are both overcome by the use of a calculating 
machine, in which the result appears in plain figures, and with 
correct decimal point. If such a machine is used, and under proper 
supervision, the calculations are well within the capacity of a good 
lady-typist — especially one having a good experience of book- 
keeping, which teaches just those habits of accuracy which are so 
essential in designing. With such assistance the whole of the details 
of calculation are lifted from the shoulders of the designing engineer, 
and he is free to devote his attention to his true business of improving 
the product. 

A few hints as to the best form of organization may be of service. 
Slight variations in the schedules are necessary for various purposes, 
for instance, for squirrel-cage motors, for strip-wound machines. 
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and so on. To be practically useful the schedules must be either 
printed or reproduced on some sort of multigraphing apparatus, 
slight variations being made in pen-and-ink. The engineer, of 
course, must always make himself responsible for these, since, how- 
ever simple an algebraic transposition may be, the operator either 
cannot, or should not take the responsibility of doing it. A con- 
venient plan is to compile a book of model calculations, containing an 
example of each variation, no matter how slight. If this is done, the 
simple statement on the data sheet that the calculation is to be made 
according to Model XCS,” say, will give all the information needed. 

Table I gives particulars of the slot dimensions of a machine of 
tmit external diameter for various ratios of gap diameter to external 
diameters. 

A different table is devoted to each value of = core density 
X number of poles. 

The rotor slot is of the deep and narrow type (Type II). But if 
it is desired to use Type I, the slot depth will be ‘64Z^ and the slot 
width 

The last column gives the square root of the ratio of the stator 
slot area to the rotor slot area. 

By examining these tables certain general conclusions may be 
arrived at. 

1. For small values ol R^ the stator slot area is much greater 
than the rotor slot area. This is especially marked for large values 
of W^, For instance, with ==1*2 and R^ = -66 the stator slot 

5 

has more than four times the area of the rotor slot, since is the 

square root of the ratio of slot areas. 

This gives us some guidance m choosing R^. For an induction 
motor in which the statoF carries'fhelmaghetizing current, and may 
also have a lower space factor than that of the rotor, the stator slots 
may conveniently have about 40 per cent more area than the rotor 

So 

slots. This means that should be about 1-2. For a synchronous 

or compensated motor with the magnetizing current carried by the 
rotor it should have the greater slot area. 

The greater the value of W ^ the larger must 2? ^ be to give a 

predetermined value of 

j- o 

2. Other things being equal, the output is proportional to S^. 
But So reaches a maximum for certain values of R^. For instance, 
with TFo = 1*2, a maximum is reached with R^ about 0-68. This 
gives us a second form of guidance in choosing Rg. but, of course, 
Rg should not be chosen to make S,, a maximum if this gives absurd 
slot dim^isions. 
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3- Wo = core density (megalines per sq. in.) x number of poles 
clearly will be larger the greater the number of poles. Modem 
practice permits values for the core density up to -1, so that the 
low values will only be required for very small numbers of poles 
(say 2 poles). For pole numbers higher than 12, extensions of the 
tables will be required. The tables themselves are independent of 
the system of units employed, but the value of to which each 
table corresponds will be expressed by a different figure in cm. units. 
For instance — 


Inch. Units 

Cm. Units 

Inch Units i 

1 

Cm Units 

1 

•2 

•0319 

•7 

•111 

•3 

•0479 

•8 

•127 

•4 

•064 

•9 

•143 

‘5 

•079 

1-0 

•159 

•6 

•096 

M 

•175 



1-2 

•191 


4. In all these tables the proportions have been determined on 
the assumption that the magnetic density at the tooth tip is -07. 
If it is desired to vary the tooth density, the tables can still be 
used. Referring to the table for =1*1. If we desire to raise 
the tooth density, say, 10 per cent (from -07 to -077, say) without 
changing the core density, the following process must be adopted — 

(а) Increase by 10 per cent. 

(б) Refer to a table in which Wq is 10 per cent less — = T in 
this case. Thus these tables are adaptable to any tooth density it 
is desired to adopt. 

Case of Normal Density One-third up from Tooth Root 

A case where a procedure analogous to the above is required is 
that in which the normal density is required, not at the narrowest 
part of the tooth (the tooth root), but at a radius exceeding this 
by one-third of the tooth length. Since the tooth is wider at this 
point this will permit a greater flux or, conversely for a given flux, 
a greater slot area. 

If is the greater flux so permitted for unit external diameter, 
then 

z — -07 

3A416{Ro + Wo) 

Z, = 3-1416i?„ - ^ 


Now 
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Substituting 

H^ = -07 ^3-14162?„ + ^ ^ Z7„-3-1416i2„ + 

or cancelling 

H^=H, -h • 14727 ,. 

By this formula we may determine the value of required to 
give this density. 

If it is desired that the core density should be unchanged a 
correspondingly lower value of must be taken as discussed 

above. 

These tables, however, are not accurate enough for all purposes. 
They are convenient to enable us to choose a reasonable approx- 
imate value for jR,, since they bring together all the relevant 
considerations. Having done this, it is better to refer to Tables II, 
III, IV, and V, giving 77,, 27,, and more in detail for the final 
values. 

Next come the essential tables of wire gauge, given both for 
S.W.G. (English practice) and B. and S. (American practice). 
These do not call for extended comment. (Tables VI and VII.) 

Table VIII is used in calculating iron losses. 

It has already been pointed out that the "power factor is a function 
of two variable. Da and the overload capacity. It is here tabulated 
as such. (Table IX.) 

Table X is a short table to aid in calculating the saturation factor 
where necessary. It is the equivalent of a saturation curve, but 
more convenient to use on a calculating machine. 

Table XI is useful in estimating the effect of a reduction of slot 
depth in the rotor. 



(External Diameter, 1 0 Core Length, 1-0) 
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{External Diameter, 1*0 Core Length, 1-0.) 
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(External Diameter, DO Core Length, DO) 



321 


21 - ( 55 ^ 0 ) 



(External Diameter, 1*0. Core Length, 1*0) 
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(External Diameter, 1 -0 Core Length, 1 *0) 



82 i, 



(External Diameter, 1 * 0 . Core Length, 1 * 0 ) 
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(External Diameter, 1*0. Core Length, 1*0) 




(External Diameter, 1*0. Core Length, 1-0) 
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(External Diameter, 1-0. Core Length, 1-0) 
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(External Diameter, 1-0. Core Length, 1-0) 
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OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•925 

U3 

U3 to ir)tOl/3l/3U3lOU3 

a30300l>.ir3COCOCMCO'!j<tOCOC003COC00003'-'OOCO'-*<CCC^r^COOOCO 
C0C0r>^00CJ3O>-'CqC<3C0C0C0C0C0C<IC<IC^O03 00 C0C0OI>-!j<a3tl3OC0 
OOOOOOOOCX>a3030303C3303C33<330303CJ303<33 00 00 00aOOOI>t^CDCOCOt/3 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

11 

t/3 U3 U3 

l>»C0C0tO'^«MOa3I>0000<33OCDC<l00'**'i33^C33'Tf'C<Ii^c33C30C003'^:t<03 
^C0t>«00CJ3O'.-ii-<Ci|<MCMC<IC0C^CMi— i»-'C33aOCOtr3C<l03t/30aOOCOa3''^' 

00 00 C30 00 OO 03 03 03 03 03 <33 03 <33 <33 03 03 03 OO 00 00 OO 00 r>. I> CD CO to to 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

ft; 

C<l CO ^ W3 CO t>* 00 03 T-H CO ^ U3 CD C30 03 t-m C<| CO tO CD I> 00 03 

CDCDCDCOCOCDC0C0t^t^l>-l>.r*'I>l>l>.r>i>00 00 00 00 00 00 00 00 00 00 O3 





TABLE III 

(If in doubt take next higher value) 
Depth 


•65 

WD 1/5 1 

1/5 1/5 W5 U5 lO 1/5 U5 U5 01 I> lO tO i/5 i/5 U5 »• U5 d 

-fiOCDCMC0C0CDOt^01C^C0U5l/5»CXOlt^CM C^^OIOOi/SCOOlOJCO 
C0r-<U5O^<35'^t05CD05-tOC0C‘100U5C000'^^'~«rNl/5<M05INir>C0OX 

0101^^0050500(X)e't>»tNCDCOU5LCU:"J<n<'^CDCCCDC'1010lC'lCMT-^ 1 

r-,,-ir-(,-tT-<ooooooooooc5C>oooooooooooo 

CD 

U5 */5 u5 1/5 in in in 

TPOINCOO ID CMLCI> 01U5 01 INID 

<NI>^CDi-HCDr-rC0’-<C0CM00^OCDC<l05CCC0 l>-rr-(a51>iDCDOOO 
01r-HT-iOOC35a5X00C^r^C0C0CDlDiD'+-^i'-t'rfCDCDC0<M01(MeiC'l’«' 
^T-ir-iT-<r-(000000000000000000000000 

lO 

ip 

m 

m mm in mminin m cj m m m 

oicDCD»-fTt<cDooo<Mi-i 01 w5 m m m m !>• m cnm m co 

CD»*-(CD>-HCDt-<CD01I>C005l/5i-'C0'^’-'t^'^^C0CDC0^aC0'1'01O00 
,-<T-H00050500COC^»>.CDCOCDlDU5iD-+-^-l‘CDCDCDC0 0101010101r^ 
^^^^OOOOOOOOOOOOOOOOOOOOOOOOO 

ITD 

L/51D m mm m m m m 

^ m O5O5O50>^»Dt> m OnIDOI id t>*Dcr5 OIIDCDOI 

OlDv^iDr-<I>CNlNC0C:5CD0l05lD0l05CD05 r>«iD01000;D*i"01000 

t-lOO0505000000^^CDCDCD‘D^D^D-^'^^'^^C0CDe0C0C<l010^0101^ 
rHi— iT-<oOOOOOOOOOOOOOOOOOOOOOOOOO 

ID 

'f 

ID ID 0^ ID ID ID ID ID ID ID 

OiDO^05t^'+»^ CD01001DCDI>C^I> 01t>Olr-< O t> r~i 

iDOCD^C0 0100'«;f< C0C0a5CDCDOr>.-f0105CD-f01 I>.U5'^01000 

OO<35050000t>.I>t>C0C0DlDlDlD^-^-t‘CDCDC0CDCD01O10l0101^ 
i-rrwOOOOOOOOOOOOOOOOOOOOOOOOOOO 


ID ID D ID 

05 -Th 05 ID O 01 CO U5 ID 01 ID 01 D ID ID ID ID ID ID 0^ O 

05iDOCDO100'-fOC0C0Ol>^i-<05CDC0r-iCCCDC0^05r^iDC0 01 00 

05a5050000l>rNt>«COCDCDiDU5iD*i«-r-f-tCOCOCOC0 010101010101^ 

ooooooooooooooooooooooooooooo 

•35 

ID ID D D ID U5 ID r> ID ID 

O 01 CO CO CO 01 Os 01 CO 01 ID 05 01 01 CO ^ 01 ID 00 00 

C005 1D»-<<0C0OC0C0O00iD01050h-hc^j t>.iDC0T-HO5l>iDCO»-^05C^ 

O5C00000I>rNrNCOC0COiDiDlD'i*'f'^^'^C0C0C0C0O1Ol0101Ol^^ 

ooooooooooooooooooooooooooooo 

CD 

ID ID ID ID D m mm 

i-ffS'-toi^iDco^ rsiDci oiiDc^ IS. m m m i> cnDcors. 

CDOIOCDCMOCOCO rs.iDCCT-^00iDCDi-«05l>.'rt-(MOC0CDDC0i-H05l> 

C000r>t%[^OC0C0C£>iDiDiDiD^-r'^^C<5C0CDC0C001C<lC^lC^Cl’-i»-< 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

IC 

iDiD i>iDi> iDiD<M m m m m 

OC^DM THNCOIDlDiDCOCMCOiDi-iO riNCOC^lSC^sdCO 

<MC0Dd05CDC0OE>.iDC0^05CD'^r-4rNrN<£>^ClOC30i-i'^C<IOC:5I> 
OOl>r^sI>CO<DCOCOiDiDiDiD'^^’^'?fCDCOCOCOCOCOdCOddCl^T-< 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


ID ID ID ID ID 

O 00 CO CO l> T-( ID dlDlDlDIDID ID ID ID ID tN ID ID d l> ID 

00 ^ 00 ID d O fN ID CO ^ 05 l> ID CO 05 ID ID CO T-< 05 00 CO d 00 es 

rN|>I>COCOCOCOlDlDiDlD'^'^-5t<'5t<COCOCOCOCOCOddCOdddr-ir-< 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


d 05 ID CD 00 <35 *-t d 05 ID CD l> CO C5 ^ d CO ID CD tN o6 05 

CDCDCOCDCDCDCDCDCNf^|>tNt^I>C^DN[>|>.OOOOOOOOOCGOOOOOOOC©a5 
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TABLE III {contd.) 

(If in doubt take next higher value) 
Depth 


ic tc ID m U3 

c9i-<i>c^oocoxcoo>c>.'^oioa>c>'coi/5r^<3:>c^‘3<cococqc<ji-(0oo5 
C000C<II>^C0OlD05’^05'^05C000CC00C000'^05lC»-il>,C0OIN’^O 
U3^r^COCC<NC<I^OOa)<3iOOOOl>C^^^»0*0'^'5''^CO«^(NOCIC<l 
<T--I^T-< 1 ^T— (»-HOOOOOC“ 



ID ID 

ID ID ID ID t> ID Ol ID 

r^^iDooc^co'^cDc^r>r>ocac^i-it^c^cc5Tf<3iT^'?i^'?j^iDco'«tt^iDr^ 
£MI>i-ilDOtDOlD0^00^05COOOCSt>.C<»I>CqOO'^OCOC<l05;OCOO 
lDr^'<^<C0C0C<IC<^1-<»-tO0i05 00 00^^C>.CDC0lDlD'^■^^<'^C0C0C<^C<IC^^«^^ 
,iHT-<rHr-(T-<r-l»-Hr-(»-Hi^OOOOOOOOOOOOOOOOOOO 


lo ID ID ID ID ID ID 

05 1-1 (N CD CO O 00 ID ID ID D l> D ID ID O ID ID 

i-i<DO'^OO^OiD^'^OOC005COl>»i-<<D»-»CDr-<t>,COa5iDCAOOiDCOO 
lDrt‘rPCO«NCMC<l^'-<OC350>OOOOl>t^CDCD^D'^TfCOCOCOOqC^C<IC<l 

cn^ 


ID 

ID ID ID ID d ID ID ID ID ID ID D ID ID ID 

C0t>OC0C^C>'0005 COr>i-HtDCOC^t^C'liDr^iD<NCOiDOOC^WC<IC>.C<< 
05COOOC^CD»-»CO'-«r^»— ID1-ICOOID05'^05'^OCOC<IOOT^1-ICX)ID010 
'^rt<C0C0C'1Wi-<^OO0505 00 00t^CDCDDlDiD'<t^C0C0C0<MC<l(MCN 
'r-(t-<t--(T-<»--<r-(0000000000000000000 


ID ID ID ID ID ID 

00 CO 00 CO 00 C<l CD O ID ID ID ID C<I ID ID Cv) (N ID ID C'* ID 

CO»-'DO*«t<05COOOCMOOCOOOCOOOCOC^C^OOCOC35DT-(t^-^Or^iD(N 
TfrhC0C0C^t^i-iOO05050000t^t^CDCDDiD'«^''<t’^C0C0C0C^C<IC<ICN 
T-<r-lr-^r^r-tT-li— <rHi— lOOOOOO^^ — ^ — ^ ^ — — — — — — 


ID 

ID ID ID ID ID ID D l> ID ID ID 

CO i-i CO T-i CD O ID O ID 00 IN ID CM IN ^s CO CO IN 

05 CO 00 C<I IN CO O ID CO I-* CO >-( ID O CO CM 00 CO O CO CO N C<l 05 

■^C0C0C<lCM»-H'-^OOa5<350000r^lNC0CDlDlD'^-^'^C0C0C0C<I0'lC^T-« 

iT»(r>Hi->4 1 — i< o o o o o o o o o o o ooooooooo 


ID ID ID ID ID 

05 05 ^ 05 O ID ID ID ID ID IN rN ID tN ID ID ID 

C<IC0»-iDO^05^00C000C000C005'^05lD^C0(M05CDC<IC35t>.'^C<I05 
'^C0C0C^C<Ii-iOOCJ5050000C^lNCCC0iDlDlD'^’^C0C0C0C^C^C<I0a>-t 

(i-^OOOOOOOOOOOOOOOOOOOOO 


ID 

IDIDIDIDID ID Cl Cl ID N»IDID CliDlDiD 

Cl IN Cl CO 05 1-1 d CO Cl ID ID iD ID ID CO Cl d CO d IN d 

05rt<OOCONdCOi-<CDi-«CDi-<COi-iC>dlNC005lDT-tOOD'^05CO'^i-'05 

cocoddT-i^oocDa5ooooiNr^cDcoiDiD’^'«i^'i^cococodddd^ 

^ ^ f_i T_^ ^ Q Q Q ^ Q ^ Q Q Q Q ^ 


ID ID ID 

^ CO CO i-i t>- CO 05 ID ID ID E>« ID iD d ID »D iD ID D d ID 

lNr-^COOlD05'«t^OOCOOOCOOO'^a5lDOCOdOO'^Ot>.'^i-400COTfr-<05 
C0C0ddi^OO05 05C000t>.C^C0C0C0lDlD'^'^ThC0C0C0dddd»-' 
,-(r-<t-ii-Hip-«r-i»-<0000000000000000000000 


ID ID dlDlDlDlDiDddDiDlD 

CO CO 00 CO 05 05 ID d ID ID ^ N (>• IN r-i ID CO IN d CO 

CO 00 d E^ *-< CO O ID ID O CO ^ IN d C35 CD t-h CO CO 05 CO CO i-H 00 CO CO 

C0ddr-«i-<OO05050000C^E>iCDC0lDIDIDT*<'<!j<C0C0C0C0dddd 
^ri^ir-i^v^T-iOOOOOOOOOOOOOOOOOOOOO 


MJ «J MJ KLJ VJ IfJ ID 

ID O CO 1— < E^ »-f CO O ID ID d IN ID ID CO ID IN ID CN ID 

OlD05Tl<OOCOI>.dCOdlNC005^005iDi-'iDdOCiDCOOOOiDCOi-< 
C0dr-<r-(OO05 05 00 00lNlNC0C0C0lDiDID'^'^C0C0C0C0dddd 


4 ^ 1, wv N|- v,^ 1—1 W'i I-V '-V SAi/ r— 1 

OO05 05 00 00lNlNC0C0C0lDiDID'^'^C0C0C0C0dddd 

T^^^cpocpoocpooocpoooooooooocpo 


d CO ID CO tN 00 05 i-< d CO Tf ID CO IN 00 05 'ri d CO ID CO 00 05 

cocPcococococDco^Nt>l^>^H^^E^^^E^IN^^ooooooooaoooooooooooc35 
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0187 *01885 


(If in doubt take next lower value) 
Width 


•525 

d to C35 N CD C<1 '•4* CO cq CD CO 1-c 00 CD 00 05 T-t <3i C>s CD lO i-f CJ> CO 

O 00 ® to Cp lo r> ^ T-J CO OQ l> CD 00 ic 1— 1 to Oi CO 00 CD CO lo r-( 00 T— t 

Qpopapq5CJacJ30cpo»;^T^c^c^cpcp'^ic»jpcpcDi>»ooooo>OT-‘»-<c^co 


^D:^’^^^'^'^®0a>r-iC<l’nJ<CD<U'r-<'?j^C0C0C0C0>-c05t>*lOC0'<i«G5'^ 
COOOOCOlOt^OOCt'^'^lClOtOC<ICJ5l>'^?*‘OOC<lCDO»-^t-<C'lC01>»C<ICD'— < 
S3I22S2E^^!3JS:r‘^*^*^*^‘^^’^<^co<jiCDC‘?05CDcooi>.-=*‘CNia5f^ 
GpGpOp^<J>OOOiyit^C^C5Cpcp-^'^ytOtOCpi>l>opO>00»-<C<IC<ICO 
■ft 1 — t T— C T— 1 r-( i-^.»— < i-K»—<t—(i— (I— 

425 

to to 

CO CO CO CO -rf CD 00 i-t i-h c<l tO 05 Dl CD 00 t-< CD t>. r-t iC r-i CD i-x 

to CD l> go CO 00 CO 05 r-4 C<l CO O to to 05 to to -f CO CO tc 00 O CO 

^?in?!£?‘35C0CDOC005rt«05^OLC^E-»C005CDC<l05C0C0OI>.'?^C<J05 
0pcpc^05^00'^»7<»7iwciicp’^‘^i0iccpcpr^cp0p050»-'i— ‘C^COCO 
Tl(i-irMi>ltTlli^Arllr^AT^r^r^<Ar^Tllr^i-4C^C^^C^C^C^C^ 

in 

"T 

CO 00 U5 CO CO CO CO CO ca 031 »-< to ^ 05 -sf 05 to O 05 05 00 c>. 00 CO 05 

Cs^C<»^r-ir-iC5r^^l0C0U5f^05»-<00CDC0OC0U500»-i00CD'<^C'lC0C0'5t*-<*' 
C0O'«t00C<ltO05C0r^C<ll>>C<l00C005ij0i-it'HC005CDC^05CDC0Or>-'^fT-» 
apq5q505000i^i-^c^c^cpcp'^'^fipcpcpi:^c^cipq5q50»7<c^c^cp'^ 

•»— <1— iT^T^r- 

4*25 

to 

C<l 05 CO *-i 05 CM CD to CO i-< to »-i lO 05 I> CD '*t 00 Tf 00 CO 05 to O I> 

OOOI>U5‘^ir5U5CDI>OCOCD05CD^i-'050C<*'^CDC<»05U5C<«005COCD 
05C<»CDOT!P00C<ICDOCD^CDi-H>C005’^i-t|r^C005C0C<l05CDC005CDC0 
0pq5q5OOOr-«t^C^C^CpCp'<^'^^l{5t0CpC;'l>0pCpCJ5CpOT^C;JC^Cp'^ 


C005CD<MO5CD'^T-ia>u:>^r^'«!l<U5CDI>*00 00 05 05OC0CM00U:5 

00 to O 00 IP-* to 05 CO CD C<1 05 !>• 00 05 O CD 1-1 CO CM CO to 1-1 00 

i-*lD05C0CDi-<U505-^!t*05''fOU5^l>iC^00-!**Olr^C005CDC^05tOC<l05U5 
q5q5q500»^»7i«7*csc^cp'^'^to*Dcpcpi>*opcpq5CJ50r^i^c^cpcp'y 

1,— (i-<t— li— t*-iT^T^T-«ip-<r-<T-ii— Ii— (r— It— IT^I^C^C^C^C^C^C^C^ 

•375 

^ ^ t-H t- 4 t-4 |> |> CO CO CD CO 05 05 05 CD 00 T-c Tj< !> c<l 00 CO 05 

^ CO i-H O Tt* 05 CO OO Cfl CD 05 CO CD CO O 05 05 05 C<l CD 05 Dl t-* CD O 
ii005C0I>»-*tO05'^!**00Tt*05n*OCD»-ir^C005'^OCDC005lDC<100tr5t-i00 
q5q500t7'T^»7*c^c^cpcp''fiDtocpcpi>i>apq5q500r^c^c^cp'^'^ 

to 

CO 

C<l 05 CD CO O CD C<l 00 CD *-* lO CO r-< CD Dl ^ lO 05 -rj* 0> 05 '«1* 05 •*!»• 

OOT-iC^lC000'«i*05U5a5CMCD05lO»-i|:^C0T-<O05I>00O*-‘C0lD00OC0 
05C0r>T-tU505'*!t‘00C000'«i*05^OCDi-i|>.C005'^OCDC005tDi-il>.TfO 
q500i7<^F^c^c^cpcp”^ftocpcpc^t^opopq5oor-ir^c^cpcp'^to 

T^t— It-it— (1— <1— It-it— It— ir^t— ir^r-<t— It— It— ir^C^C^C^C^CSC^C^C^C^ 

•325 

to U5 

CD O CJ5 05 O CO C<» C<I CD t-i 05 00 00 t-h CO CO r- ■ tJ* t-i U5 -r** 05 

CDOOr-iCOtDC^05U5C^lO'^<MCO»-*lOOu:5COOOOlOtr5'=f^-^'5l*U5ur5lD 
C<JCD*-<iD05'^OOCOOOCOt— I'^CTSiOOCDt-iC^COOO'^^OCDC^OO'^^OCDC^ 
<30r^r;*p7CSC^CpCp'^lOlClOCOC^I>OpOpq5C^cp»7ii^C^C^Cp'^f^tD 
T^i^t— It— IrHrHt-H'AT^r^rHt— It— It— It^r^t— 

cp 

C0'^lCCD00C005'«iiO'=t<00CSiCDC0CDCDCDt^05ir5C'1t— 'OC3505 CMCD tJ* 

CSI CO O •<!** 00 CD CO T-I 05 O? U5 05 DA CD O ^ 00 O I> CO 1-^ 05 CD ^ CO t-* OO 

CDOlC05C000C000C<100C000'5j*05U5OU5T-(I>CN00'«t‘05tr5t-ir>,C005'«t* 
OT^»^T^c^cscpcp'^''fiotocpcpc^opQpc:S5q500r-<t-^c^cpcp'^-^«n 

•275 

I> 05 I> 1-1 *-< oq W5 CD 00 05 t-i 1> Tfi 00 1-1 CD '5f tf5 CD CD C7> 05 

CO^>0''i*r^'^C<l05CDi-'0<Nif5l>OCOt005'tfOOC<100i5j'l>CDi-tI>tf5t-‘ 

C<ICO»“^iOCJ5'i^05COOOi-*05''!t*05^0tOOU5i-'CDC<lI>COi-i^OU5t-i|>i 

rMr^C^C^C^CpCp'it'^lOlCCpcpr;'QpOpCJ5q5CDOi7it^<NCpCp'*J*''J'lDtD 

Til^At^AAT^TliTlit^Ar^T^t^i-^t^At^Ac^C^C^C^C^C^CIC^C^C^C^ 

•25 

C<l O 05 !> CD CO t-i C35 00 !>• CD 05 05 to 05 CO 1% I> 00 C5 CO 05 r-* 

to 00 O CO CD CO O I>» •«** 'li* to CO I> 00 O 1 — * C5 to 05 P-* ID ^ 00 <M CD O 

00C<ll>.i-ilCOlC05'*!**a5'i!j*a5'«i‘05W5Ouf5Otr5OCDi-'l>CC|l>.C0C0'«t*a5 
T^C5C^CpCp'it'^'<flDlOCpCpi:>l>0pC»q5OO»^i7*C5C^CpCpiy-ytDlD 
^r::^t^T^tl(t^»l(t^At^T^ATliT^T^T^t-liC^C^CS5CS5CSD5C^C^C^«CSIC^ 

in 

<N 

tf5 ID ID ID ID ID ID 

00 1-1 CO ID O ID 05 tD CO 00 »D T-* i-< O 0 05 00 05 ID 00 05 00 iD i-* 00 

CD 00 ^ CO ID 05 00 -rf 1— 1 1-1 O O O O O O O CO 05 i— « CO tD t>- O i-i 00 O CD 

•ifOOCOI>i-<CDOlDOlDOlDOtDO«DOlDO*«fOlDOiDi-^CDi— 'CDi— ' 
05C^COCp'it''*i*«DiDCpCpi>l>Cpopq5q500T^t^C^05Cpcp'^iJ*tDtpCp 
r^r^r^AATHT^t^ArHt^T^At^T^rHCSIC^CS505^CS5CS5C^CSICS5C^CSl^ 

■"c. 

!-♦ 0 CO 05 ID CD I> 00 K!j< 00 C5 CO 05 ID 05 I> CO CD i“* ID tI* 00 05 r>. 

OOCJ5t-iC5'«fOCD05 05t>.iD'*^<05i-*a500l>tDC00500i-«i“<05i-*0005 
O''!t*05C0I>05CDi-<tDOtDOiDO'^a5i?t*05rfi05i^05'^05'rf05'i*i*05C0 
cpcpcp'<t'*flDlDCpC0l>I>GpCpq5q5q5CDCI5T-<T^05C^CpCp'^-*flDlDCD 
ArllrHt^T^ApHAAi^AArMrMAAcS5C?5^CSIC?lCSIC^ICSINWWN05 

ft? 

05 CO ID CD l> 00 05 C5 CO ID CD l> 00 05 ^ ^ 05 CO ^ CD 00 ^ ^ 

CjDCDCDCDCDCDCDCDtN|>r%|>r>.|^*l>r^H|>r^OOOOOOQOOOCJOOOOOCX)0005 
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TABLE IV {contd.) 

(If in doubt take next lower value) 
Width 


IT) 

t> 

Op 

to 

to to <35 CO CO O rh 00 <35 ^ l> 00 00 C<l <35 CO (N CO tO 

U5COt-iOOOt-(i-<,— (C<ICO tOCO'^COC<IO'«f<35COC50'^^OOlOa:>COOOC<l 
Csl^COOOOCSlrHCOOOT-<Tt*l>OTPOOCflCOi-'COCNI>*lOCOOOOr^l>O^S 
l>'I>l>l>-OpOpopopop<^q5C^O<:3<OT-^»7<C^C;5CpCp'^i/5CpCpC>iOOCOO 

T-Cl— I t— (T— (T- tT— 

lO 

CO 

rf'?t<Locoi>«r'00O5 a5oor^cor^05 c^i'^is.tocococoTf'^cooococo 
<35^^’^-5^'^tOCDt^C350Cq'^^‘COCOCO^N^>C<^00'^O^N'^T-^OOT-^^T-HT4 
C<l'^COOOOC<I'«i<COOOC<|tOOOT-«lO<35COl>COOO’^Of>lCCOOO<35COOO 
iNi>C7.i>opcpapopC3p<35<^c^oo<9r-ir^c^c^cp'^'«yLOcoi>opooioo 

•825 

to lO 

COdiOCO r^lCCOi— (<35CO’^i-i|>Tf CO ■^CO00r-iT-i<x> 

CO r-< l> 00 <35 O C<1 CD 00 '•St* 00 O 05 CO 00 lO C5 <35 i-x CO CO tO O 

COtOCOOOOCOtr>C5<35C5CO<35C^COT-iUO<35iiOOC005<35l>U3COC5’--<050 
l>Nl>l>I>OpCpCpCpC:p<35C35q5<D<:9T-Hi^T^C^CpCp''^'*^lOCpl>Op<35I>i-c 

T— IT-IT— (1— IT-IT— tl— I t— IT-^T-HT-It— 

op 

<35 ri CO <30 CO 00 CO <35 U3 •-» !>. 00 <35 i-< C'^ CO <35 CD t-m |>. <35 ,-i CO < 3 ^ 

I>iOO<NCO»OOOOCOCDO'sfl>OCOr>.Ot>-t>.iO'^t*C<l<35l>«'5j*COI>00<35 
C0l0C>-<35i-iC0l000OC0l>OC000C5C0T-'C00500''!t*C5<35l>i/5'^C0CMT^ 
I>l>C^t^opopopopq5<:^<35COCpOT-iT-^C^C^CpCp'^lClOCpI>00<350T-i 

1-^T— li-^T— I t— It-4t— It— IT—IT— IT-Ht— IT-^T— 

•775 

to 

<35 CO to t>. <35 05 •'i* <35 to <35 CO l> rH T-I 1/5 cq 05 !> 05 C5 05 U3 

05i— ICO i-!t‘<35COOOCOr>.05COT-<OOT- i<J5l>.l/5c<tOOOOO 

'•i*COC'> 05'rt*CDa5T-i-^00»-<U0<35'^^'00C0<35tOOCD'^05O00l>CDt/5'^*‘ 
l>r^l>0pGpGp0pCp<35C»C^O<=><OT7<t7<C^C^Cp'^'^^L0Cpl>l>00<35Oi-< 

T— 1 T— 1 1-^ T— 1 T— 1 1— < 1-H T— < T— < T— I T— < 1—1 T-H T— 1 rH 1—1 


toco On CD to to 1^5 'St* ^ '•^* ■'St* i-« <50 U5 05 1^5 t-T to CO 00 '«i* CD CO i-h 00 CO 
00r'»C000<35C0I>i--iir5’--H|>C0<35U5OC00505C0'st*U505O00U3'^C0i-HO 
Tt*C000O05tOl>O05CDC35C0C0i-'CDOlOi--ir^>C0<35r^u:>05O0500CxCD 
I>I>I>OpapOpGp<^<35<RC35<p<r5T-^i^C^C^Cpcp'i^'^J*l^CpI>OpQp<^<pT-< 

■<— *1— 'r-lr^r^r-<T^i^THi-HAcqC^ 

•725 

to 

O !>« »-• 00 to 1-1 00 CO !> 05 T-I CO CO CO CO CO <35 <35 00 CD I-H CO <35 1 ^* 05 <35 

COCO'*:t*COI>«05I>>T-iCDCOOOOt/505<35<OCO'*st*COOOOOOOCOOOOlOCOO 
tOE'^<35’— *COCD<30t— iCOt-'»-<'*sf00C0r^05t>*C0<35lO0505C30i/5COi— <OC35<30 
r^i>i>opopopop<35<35<35<00(C>T-Hi^oqc^cpcO'«^LOiocpi:^opc3500T-i 


1-1 0'sf<3505l> -St* 00 05 to 00 »-< Tt* CO 05 i-f O to i-H c» CO to 00 CO 

00O05''5t*CDi-<CD05l>CD'^05i-*050HCD''4*0NOC0<DC0i-i00CD05 00 ii 0 i-i 
U500005'sfC''<J505’^00 05CDO'^<35'^05ir50500Tf050I>.U5Tj*05i-^0 
i>i>apc3pGpopopq5q5<no<o»7*T^t7*c^c^cp''^'it'up<pi>r^opq5<3i7cc<i 

T— It— It— ItHi— It-4i— I r-li— li-^i— iT-^r— ii— itIitIiC^C^C^ 

•675 

1/5 

00 05 t-' 1-* CD '•i* 05 T— « i-« 05 CD 05 t/5 to 00 05 U5 <35 00 00 r>- l> Tf 05 isf 00 

CO r>i O CO CD CO CD CO CO CO CO 05 05 05 i-< 1— t ist* 00 1 — 1 Tt* T-I 00 to 05 !>• CO 00 CO 

CDOOt-iCOIOOOi— * 0CDO't‘<3005I>'05l>05<30'sfT-iI>l/5C5OC50CDtOC005 

I> Op <3p CO op CK <35 <35 CD O Cp 171 i^t CO CO to to CD Op <3p O M 

lO 

CO 

CD 'li* 05 '5t* 00 C<t »-i r-* -isii 05 CO !>■ !> I> CD CD ••!»* 05 05 1— 1 U5 00 i-« -rf [> 05 CO 

O5'*'<50O5r'^'s**COi— <050i— ‘CO'rJ*ir>CDI>'00O5CD C0OCD05<J505t>*T-icC> 
<D05i-<'*t*CD<3505t0l>05C0O':}*05'!t*<35'5fi-'l>.'i5t'O00U5C0O<350>.CD'sf 
C7l>OOOpOpGp<35q5<p<p<pT-iT-ii7«C^C^Cp'^'s^ipCpCpt70pcpq5<pT-iC^ 

T-iT^T^T^Ti^rHT-HTAr^r^Ai— li-Hi— I t— I i-IT^C^C^C^ 

•625 

t/5 

CO CD CO 1-1 to -rt* to 00 CD CO U5 to 00 1-1 'Sf 0 ^ 05 U5 (50 -si* 05 00 lO tC i-t id* 00 

tOi-iC00500CDC0tDifr'HOC0CD00i-iC0t/5 If00 05 00if05t/5|>C5U500 

l>.O05lDr'*OC0CD<35C00005CDi-iti05I>ifOCDC0O00t0C0i-iO00CD 
i>.apopapcpci)<35<p<33<p<pr-ir^c5c5cpcp’'^ir3tocpi:7i:70pi35cpT-irHC5 
^ ’-I ’“I *-< 1-* *1 ’•^ 1 -^ C5 C5 C5 C5 

CD 

T-I <35 00 00 05 CO to 05 It* <30 CO 05 CD 05 <35 CD CO <30 00 <35 05 O CO CO 05 CO 

1 — i 00 '^*i-i 00 00<33OOif05C000i-iiC05 05l><Mr>.r-(C0i-HCD05 05CD00ii 
OOOCOCDOOT-ii4*OOi-it/5<35it*<30if05'st*OCDCO<35CDCO»-iOOCD'sf050<33 

I>H 00 00Cp0pq5<33<33<p<pCpT7<7<C5C5Cp'^iyiCtO<pr;iCp0p<35Oi7‘C5C5 

to 

^5 <35 CO 'sj* tC 05 1-* 0 <35 00 <0 tc CD ii I> 05 00 CO 05 00 05 00 00 !> t^) <35 CO 

I>.00C0'it‘OO05C0<35<35t0i-iI>.05CDi-il0Oit«05C0t'^i-^U50500OOi-i 
<X)iitf5r^i— <'**‘l>OC0I>051>»-^l>05 00 C0OCD05<35CDid*»-i00<Dt0C0i-i 
C7Qp<»<3p<p<p<35<p<pCp7<i705C5CpCO'^lOt«cpCpC70p<35q5Cpr-ic5CO 

n lA 

OOCO<35it* O5O0O5CD<35<>5tr>00O5I>ii<iOa5COCO <35 05 CJO't'i i-i U5 05 CO 

COOOC51>C5C5it<COI>'^05 05CDC55r^COOOC5Cii— iCO<30i— iifrst/5'!t*C5i-* 
<35C5CD05COCD<35C5tr>Otr>a5ifOif3i-iCDCO<35CDC5a5l>'^fT-<05I>U5CO 
f>c;p<3pcpq5q5<35<p<pT^T7«i7^cpcp'^ijj*totjpcpi:7i>ap<p<p<prHC5cp 

ft? 

<55 CO •*** to CD r-' 00 <35 -n C5 CO '*4* 1/5 CD l>* 00 05 -n 05 CO Tt< IC CD t>» 00 05 

CDCOCOCDCDCDCDCOI>l>-l>-I>l>l>l>«l>l>I>«0000000000000000000005 
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TABLE IV {contd ) 

(If in doubt take next lower value) 
Width 


T— t 

^criaoi>.cD ■^oococc'«i^-^ic tcococoi>«t^oOT-iu:>05coc<j^ 

00 CO (35 10 C>« I> CO CD <3i C<I lO CC 0 00 to CO CD 0 Tf« 05 T-I CO l> 

< 51 — (C<('^COI>050C<t'^CD05»-<Tt<r^(35C^CDO-fOO'^»-'l^'COlOCOCOCS» 
CpC^I>l>I>l>I>Cp(30CpOOCipcpq5q5q50(Or-<r^»7'C^COCp'^ir»CDl>Cp 

T—l r— ( T— C »—( *— < T— ( 1—1 1— ( T— ( 1-H 1— < 1— < 1— ( 

M75 

1/5U51CI/5U5 1/5U510 l/5U5tOU5li5l/5l/5 tC 

00l>.r>t>r^'<^r-iC^lCO5Uf5t^u:>CDI>*O5T-iC^CO'^tCO5'^<X)COLCC^O5i— t 
05ii:>t-(I>.C005lOOCDCJ5COCDOOO(a5'^4«COCOCOCOCOCSO-f(35U:)CM(35CD'-f 
05i-<C0'-fCDr'^(35T-(CM'*i<C^05C<I'-:f‘l>-OC0I>.i— •lO05lC<MCJ0iCiC'-t''-t‘^ 
cpir^r^i>r^c;»i>ooopGpQpcpq5(35q50cDO»yr-iT^oicoco'7'iocpr;'Cp 

LC 

CD CD 00 05 00 00 I> l> CD CD to ic C<l 00 r>. 00 1-1 CO 00 CO 00 -+ 00 CO 00 CO 

i-'I>.C005iOi-ir^COa5COI>i— •iO-fCOi-HOi^CO'>!fu:>T-'C50-fi-<OOCDCO»-' 
Oi-<CO-1^CD00 05i-(CvlU5E>«OCSiUOOOi-(-**OOCNICDOC'^COOr^CDCDCDCD 
r^l>-I>!>I%I>-l>OpopOpop(35q5q5<35CpOO*7(i-^CMCNCO'^'^LCCpi>Op 

M25 

lOiOUO to to to touo to to tOlO to to 

'^h'tOlNOOOCN t>.05C0I>OtO00C0t^CM'+'C000i-<CDC^00-n'!>05l>-i0 
C0a5tOi-t00'-htOCD<MI>i-tCDO05050000ODl-+I>-'i^C105I>.-+'C‘lO00 

Oi— 'COlOCD00 05i-<COiOC»OCOtiOOOi-i-+'C5COI>-»-<CCLOi--'COCOCCOOI>. 
!>.i:^i>t^i>i>r7'Gpcpcpop05q5q5050(^Or-ir^cicMcro*-+’-fiocpr^oc 

T — 1 

CM-fC^05C<»C^<MC^Dl 00CDiOtOCDI>00 COCD05lOCOOOiOICCDCDC^ 

toi— (I>COOCDCOC35CDi-'tr30lOlOlOiOtO<35C-liOOOr'>CO'^COr-«a5r-<lO 
OC*-lC0t0r'^00O»--'C0CDG0i-<C0CD05C^t005rf00CN05C0C0OO05 05(35 
i:^r^r^r;;-i>c^ocopopopopqpq5cftq5oc:pcp'-7<i7«c^cico-^iocpcpi>'cp 

1-075 

to tOlO lOlO lOtO lOlO to to tOlO lOtOtOLO 

C0r'v<NOO00i0C0T-(i005'rf*05CD*1^r^OtDOCDT-(C3500i0-+DlD1 05 00 
!>iCOOCDC005CDCOOtOOCDi-'C<ICOCDi005*rt<OOCODlCMCODliOOOtO-f 

OCM'^tOl>OOOC<l'^CDC35i-'-!fl>'OCMCDOiOa5-hi-tQOtoCN05i-i»-'r-< 

i:^r^!>t>i>ir;>opopapopop<^c^cr500cpi^i-HT^cicoco'^toc;ar^cpc^ 

1-05 

to t>^C"lCj5C35C35 i-<i-(D1COOOCOr^CO Q0CD'+-t-+'DICO CJ 5 COt-i 

a5CDDl(35l0CNC351>'-t'OC0C^1 00 05i-'C''*’-f' tOr-i|>C0O5C'|i-<(35CD'^*Cl 

OC'l'-^‘0r>C35ODi’-t*t^C35C‘l--t‘r>>r-(C^ir:^C^lCD’— toC-l<35l>*'-tOOCOCOCO 
t^t^c^r^r>r>opopopGpopq5q5q50oor7^^cicicoco-i'«ocor^opq5 

1*025 

CDCOC105r> C0CD05CDC0 I>a5r^COCD«CCDCDt^OO OlE^COC^tO 

f^00t0i-^00CDC0OI>-fi-<00'-fCD05C0C0Ol>-fr-iC0CDCJ5CCliOC'105 
i-^(M'-fCDI>'05i-<CO'-t<l>«OCMtOOO.-<'^OOCOI>-(Mt>.-+'i-<OOCDCOtOiOlO 
c^i>.r^r^r^i>ooooooooo5a50505oooi~^i-<<MDico'-t--t'*oiot''*oca5 

0 

00l>.r-CDC0i--'r>«.C005 CMl 0 00CMi-HO05(35T-(-fI>.C::C0CC05(Mi0CCi— (to 
C0Or^'^^C35CD’ti-‘05CDC0T-'-l-I>.a5<MT-'05I>.C005 C>U 0 05C0C0i--<00 

1 — <CO-fCD00O5i— ‘COiOC^OCOCCa5CMiOi35-t‘COCOCOiOCOOl'^r^I>.C^CD 
i>r^i>r>.C7'i>opopopoo<35q5q5<q5CD(00«^i-;^<>tc>ico-ttoiocp!>'Opq5 

•975 

COa5'^I><MCNCO-rCOCDCDCOI>l>-I>-I>*I>-i-<CO iOtOC-^00(a5CO't' 

i0CMOI>-i0C0i-<C5C^lt0C0C005C0l'>.i— 'lOiO'-f'^^COI>.i— (iOC35COCOt^t^ 
i-HCOlOCDOOODlCOiOOOi-<tOCDOCOr^OlOOiOOI>lOCNCJ50505t>00 
i>r^r^i>r^ooQpcpopQpq5q5q5cpcpoi-^T-^MC;icocO'^ioiocpc;^cpcj5 

•95 

'^CMi-iO500CO CDCOOOOtOCO^'-f‘lOCDr-(00'+'OOOOOr''COOOOa5CD 
r>-l0c0000r>c0*-fc0c<l00500c000c000a5(350i— (tOOtOOCDCOC^liO 

1— (C0t0I>iC0OCN''tiC005C<l'^I>i-('^^00i— 'CDi-<«>C<ia5t>'^<Mi-<i— (OOO 
l>t>l>l>I>CpCpOpOpopq5(q5(350CDOr-*’^C^C;;lCOCO^lOCpl>Op'^^Cp 

T— 1 1 — ( 1 — ( 1 — 4 1—1 1 — ( T— < 1 — ( 1 — ( 1 — (r-iT— ( 1 — ( 1 — (C^ 

•925 

to 

C<< CO 00 0 CD 00 -Tf* 05 05 ,-1 cO 1 — ( to i-h 05 CO CO 05 CD 00 i-< 

05l>.l0^C<li-4Oa505a0l>l>CDC005lOi-iC0toCD00’^05tOi-(CD«M00'5f 
i-4COtOI>*05»-iCO''^i-4C35C<^tOOOC<|t005COOOCOOOCOi-(OOCD'«i<COCOOOC<l 
i>i>i>t>i>opcpopopopcRq5q50ooi7iT-'c^c5cp'-^''^iocot^opc^o 

1 -H 1 — ( r— ( 1—1 rHr- (r- (»— ( 1 — ( 1 -Ht— ( 1 — er^i— (I— <c^ 

ll'o, 

e * 

or» ioc<iococo r^05i-icoioc''05i— •coc^c<ir->f»-4iooiooi--»cor'«i> 

i-ta500l>CDt0t0to^'i!t<l0tOt0C<l05t>.i*‘C><OC0CDC<l05t0CCIt'^CC|’^C0 
C<*C0tor^05i— iCOtOl>OCOC005COCDO'iS<05tOOtO'^OOOCOtOt005'^ 
I>C^i:^I>l>CpClpQpC3pq505<^q50(Or^rHrH^COCpCOlOlOCpI>C»<pO 

1—4 1—4 1— < 1—4 1— H 1— C 1—4 1—4 1—4 ^ 1—4 i— 4 1—4 1—4 


CO to CD I> 00 05 1-1 cq CO to CD l> 00 05 05 CO Xt4 W CD OO S ^ 

CDCDCOCDCDCDCOCDI>>l>'l>l>l>.t^I>*t>C><l>00000000000p0p0O0D00O5 
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TABLE V 

(If in doubt take next lower value) 


•525 

lo lA »r> lo lo 1/5 lo 

<35C0I>O'^*^C0C0C<l00C0<35U5t^05C^'nt«C^i-<0500r^t^Tt*T-ft>.C<l00'^ 
C<l»~<0500C0C0OD'-'si«00C0C^C<|ir>00C^U5l>.05OCMC0«^l/5C0<X>I>l>00 
Tt«Tt<COCOCOCOCOe<JC<Ii— iT-(OOa500C0C>»CDU5ir>'^C0CqT-iO0500l>.CD 
cJic^c^c<ic<icqe^c^c<^c<ic<ic<ic<i^»-'>-<T-i»-«»-(T-ii— i>-<r-i^T-<oooo 

ooooooooooooooooooooooooooooo 

lO 

ID 

ID I> OD T-I (M 00 CO CO OO C<I l>« i-i CO ID l>. a> 00 00 00 !>• OO <35 <35 o 05 00 CO ID 
a5r^iD'5t<Cq05»DC*Jl05C000C<ir^OC0C005»-«C0U5I>.00 05O<MC<lC0'^lD 
COCOCOCOCOC<l<NC<I^'— 'OO050500l>C0C0lDTfC0Ca»-«'r-tO<3500l>iC0 

ooooooooooooooooooooooooooooo 

lO 

ID tD ID IDID IDIDIDID 

05 <35 CO CO 00 ca CO ^ C£5 05 C<I CD r> 05 00 i CO CO 00 i— < iD 

'«f03tO00CDC005C0<NCDOlDOC0C0OC0iDC^a5Cqc0'^CDC^00 05»-iC<l 
COCOCOC<ICq<5?i— '00<350500t^I>.CO»D'<*iCOCOC<l»-«00500t>l>«CO 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

ITJ 

"T 

CO >D 

CO i-« <35 ID 00 CO CO ID I>. ■•!*• !>• ■•!*• I>i 00 I> CO 

<35l>’^C^01>C005COOOi-‘l>-COt^OCOI>»<35»-<*^!^COOOC35i-iCO-^lDI><35 
C<IC<IC<IC<»e<l'»~<^OO<35050000l>»I>*CDlDTtt'^C0C'l*-<OOC35G0l>C0iD 

o o o o o o o o o o o o o o o o o o o oooooooooo 

lO 

C<l 

ID ID ID »D ID ID ID ID ID 

dOO-^OCDOC^'^fOOi— «»DI>- Tf00C^D*-iCO''— ‘r>iCOCOCDCO'<!rcO'^CO 

'?^r-«05I>'^OI>*C005COCOT-i|>.OCOC^OCOiDOOOO^'^CDOOOC<l'^CO 
c^c^r-ii-<r--<T-Hooa505QOoor^r^coDD’^coe^c<i^o<35<50oor>-coD 

ooooooooooooooooooooooooooooo 


1— *ID '<*•0005 t-iC<|ID<50 CDOOC<II>«’-<<»CDCOOCDCOOOi— (ID 05C<IC0 
05CO'^!t’'-'CO’^r-<l>COr^'-‘COOCOI>»0-^CD<35C<IDt^a5»-'-^COOOi— (CD 
^^^^000<35<35<X>OOt^l>«CODlD'^COC<IC<l'-»0<35<35<50C>-CDCOD 

ooooooooooooooooooooooooooooo 

CO 

ID ID >D D ID ID D 

ID 00 CO »D ID D 00 r-i C<l CO O !>• CO CO C<1 O 00 CO 05 

I— iG0C0C0OCDC<*<30lDa5C0lr^C<IDa5C0C0<35<MlDa0»-<'^C005C<lT^CDr^ 
T-<000005050000r^l>COCOD'^-^COC<IC<lT-iOOa500l>t>.CDDTf 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•35 

ID LD 

^ ^ eq Cfl i-i ID <35 05 00 CO '•sr* CO CO <35 ^ CO <30 ID CD 

'sp*-i<50DCN00'^OI>O'^i‘05C0l>-^tD05C^lDg5CqiD00^;^C^Oi-HCq 
00<35<3505000000r^r^COlDlD'«f'«!*‘COCqcq'— '00<350000I>.COCOD'^ 
cqcqi— IT— (1-^1— 11— (r-Hi— <1— tr-Hi-^oooooooO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•325 

ID m ID iD ID »D ID ID 

CD CO cq C35<50CO<50<35<MD D CO !>. <50 <35 ••if D t-i <30 M D Oq 00 C<l CO 

^COOt^CO<35Dt-i|>iCqcOT-iD<35COt^i— 'Da5CqcO<35CNCDC35COCO<35i— 1 

<35<35<3500<50t>'l>*t>COCODD'^COCO<MCSI’— ‘00<35<30C30C>^COCOD'<^'rti 

^^^1— Ir-<1— <1— Cl— <r-<i-HT-iT— 11— Ci-Hi— 11— Ii— IT-IOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

CO 

<35 D CO <35 CD <M 00 CO CO <35 M D CO Cq 00 D CO 1X30 00 <35 <35 

ooDcqooDi^!>>cooocooocqr^i— 'DO'^foooqcDocor'.i— i-^oocqcoo 
<30<30oor>r>.r«-«cocoDD'<!t«'«fcococqcq»-'0005ooooi>-r^coDDrf^ 
r— < 1 — Cl— ( 1 — It— ( 1 — 11 — Cl— 11 — Ir— 1 *— 1 »— «i— Cl— «i— < 1 — «i— 11 — 11 — tOOOOOOOOOO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•275 

DDDD D D D D 

<30 CO cq ^ O <35 <35 I> C*> D CO CM <30 t-i <35 t-c CO ^ CO CO CO '•st* CO 

i>cooi>’rhoco^i>cqi>Tcqr^cqcor-iDO'^<30cqi>i-iD05'^<30cot^ 
r*C>ir^COCDCDDD'«!t^COCOCqcqi— ii-'00<35<30<30l>ir^CDDD'^'i!t<CO 

1 -H 1 — I 1 — ( 1—1 1 — c 1 — CT— Cl— ii— ti-Hi— cr- <T— 1 1 — c 1 — c 1 — I 1 — c 1 — I O O OOOOOOOOO 

ooooooooooooooooooooooooooooo 

lo 

D 

^1—1 05050505 1— ICO^D-^CO cq^r-i OOCO'^f^i— t|>TC005D05-Tf03'«Ji 

Dcqo5CDcq<30'<!t‘Oi>*oqr^cqi>icqc>icqr^'— icDi— (C0OD05M^05'^<j3'^ 

CO CO D D D CO CO oq cq T-i 1-1 o O <35 <35 00 00 l>. r-T CO D D CO CO 

1 -Hi 1 — I r—t 1—1 1—1 1 —^ 1—1 T“< 1—1 1 -^ T— c 1 ^ T— c 1 -^ 1—1 ^5 C? 03 CO CO CO CO CO C? 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•225 

DD D DDD D 

CM CO 'Ct* D D CO <30 <35 -?}• <35 <M CO <30 Cq CO <30 Cq CO CO CO CO cq <35 1-1 
COOI>i'M«i^t^D<35CO»-<COCqi>CqC30CO<30COOO'^<35n<<33*M'<35DODi— 1 
DD-n<'iJ‘M«C0C0Cqcqcqi-«^OO<35<350000t^t^C0C0DD'^'^-^C0C0 
T-Ii-Ci-Ii-Ii-IT-Ci— 11— 11-11— ci-ii-ii— 1^000000000000000 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

1 - 

D 

COD cq l>« <35 1-1 <30 D T-I <30 D <30 cq '•st^ <35 D cq 05 00 

T-c oo OO D O CO cq <30 D O CO CM !>• D OO ^ 05 D 1-1 CO cq I> D 00 o CO 1 — • 1> 
'^DDDDCqcqir-ii-iTiOO050500C0l>it>.|>.C0C0DD^-M<'M^DDCq 
i-< ^ ^ 1-4 1-4 ^ r-t ^ ^ ^ ^ ^ O O O O O O O O O O O O o o o o o 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


CM CO D CO <30 05 »-< CM D D CO t> 00 05 ii Cq D *•<»• D CD l> 00 05 

CO CO CO CO CO CO CO CO I3> 00 00 00 00 00 00 00 00 00 00 05 
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TABLE V {contd.) 

(If m doubt take next lower value) 


•875 

101/31/510 lO lO lO to 

00 -if CO CO -if CO 03 to C? 00 '«!h CO C<» 03 1— ( O 03 03 03 r-4 i-i 

■rt‘ir3ioicioooT--(cocooor-('<^<cDv-<coo>jr3cooooc<(»— 1 ooi>'^c^a3oo 

93SS93SaS3S3c^<^><Mc<icsic<i<N«NC^c<icsic^c<ic^c<ii-<^^i~<v-H^r-«^ 

ooooooooooooooooooooooooooooo 

•85 

1/3 1 / 31/3 

■•^U3COt>.OOr--(l/3CO’'— •00 CO'^C^COt-ii/ 3O3COCO COCOCOCDC003Ofll'rt*f-» 

COCOCOCOCOlOCO^>.03C^^COO’•!^•OOCOI>T-lCOtOr>*OOl>•COt/3'r^r-(a3CDCO 

C<lC<lC<ICMC<ICN<NC<»C<IC>^C>?CqC^C<IC<IC<IC<IC<lCqC<*i^T-HT-<i— »1— ( 

ooooooooooooooooooooooooooooo 

•825 

ICU31/3 1/3 1 / 31/3 U3 1 / 31 / 31/3 

, <33 03 CO 00 00 !>. C£3 ws 00 T-c CO CO 03 m 1 -c c<l CC 03 CO t/3 C^^ 

C^C<IC<IC<IC<lT-<r-(»-(r-iCO»--<CD'-<l/30’^!fOOOt- (COIC-^COC^I— lOOCOCOr-^ 

r^r^t^i>.r-;r^r^i>.r>cocc>ioiO'^'^coc^<M’--ioo3QOi>.cou3cocM’-«o 

C<ICMC<IC^C<IC^C<lC<IC<IC^C<lCMCNC<IC^CNIO^C^C<»C<Ii— 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

op 

1^3 U3 IT) 

C£3 IjC CO C<l 00 CO I> CX3 C30 03 ^ C<I CO 03 U3 CO I> 03 O Ci<» <J3 lO CO CO 

0 0 0 0 0 CO r^N CO Tt< 0 CO CSI 00 CO t>» 1 — t lO CO 00 »-i o C3 03 oo UO co o oo 

i>r^t>.r^r>cococococoioio^'«fcococ<ii“<ooo3oocoio*<TfcocMi^03 

ooooooooooooooooooooooooooooo 

•775 

l/3Ur3 U3 tf3 1/31/3 IC l/3^^CCiU3 

r>* 1/3 CO r-( 03 <33 CO 00 00 I> C£3 CO <30 CD U3 1/3 CO T-4 <33 t-i CO CD -f CO ' 

00 00 00 00lr>C0’^^^C0’-<I>C003ir3<33C0I>r-iC0'^T‘CDI>.CDC0iO'?t'e‘lOQ0CD 
COCOCDCOCOCDCDCDCOijOtO'?f>'^COCOC<IC<»r-iOC3300I>*COU3'!fCOCaO<33 
<MCM<MC^<M<NC^C<l<M<MC<ICN0?0?C<l<MCNC<lC^T-H»-«T-(»-.^,--ir-i^i-tO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

to 

U3 10 U3 W3 CO ^ 

03 CO CO I> ^ CJO l>» 10 CO I> 0 <33 00 CO CO CO C30 0 CD ^ CA U3 

COCOCOCOU3'«!tC<IO<33'cfOCDC<ICDOCOI>»C:30CMCOCOCMi-<T-'03l>'10CO 
CDCOCOCOCDCDCOCOU3tr3U3'<^«'^COCOC<l’— '00<3300fHCDU3'!t'C<li-'0<33 
C<ICM<M<MOlCqC^C<IC<l<M<M<NC<lCac^C^<M<MC^r-i,-<,-<i— 11— i^r-i»-tr-<0 

ooooooooooooooooooooooooooooo 

•725 

1/3 1/3 1/3 1/3 IC ljf3 1/3 1/3 

CO CSl 00 '•=!• <33 0 C<l<33 CO CO <33 lO CO O i/3 <33 <33 00 CO <33 CO m 00 

LCrfT^'COCO’— '<3300CDi-*l>»COOOCOCDO’^l/3COO<3303<30I>‘r^i/3'^C^O 
<£iCOCOCOCOCOlOl/3mU3*^'^COCOC^C^»-<003<33C^COiO’<^COC^^r-(OC33 
C<l<MC<IC<<<MC<»<M<M<MC<ICN<MC<lC^C<lC^C^C^T-i»-^T-<T-tT-Mw-ii-(»-iv-.^0 

ooooooooooooooooooooooo oooooo 


^coi^t^cico-f'+ic COi-^CDCO r^COC^t-<lD<33S30oSr^CO COD? 

C0D?D?»-‘r-i<33r>.i/3C0<33'rt'OiC<33C0C0Oi--<C003iOlC'«^TfC0D?i-<03 00 
COCOCOCOCOU3U3UOi/3'^-t''-t«C<?D?i-<i— 'OOOOr^CDiO-fCOD?*— >03 00 
D3D?C<ID?D?D?C<IC^e^D?D?D?D?C^D?D5D3DIi— iF-tt-x,— t,-HOO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•675 

lO 1/3 1/3 IC 1/31/3U31/3 

CD -+(001— 'r-i <3300 D?CD 'rt<C73ii3i-iI>.i— lCDlD'r^ C0C003l>*CCtC-+- 
OiC<35COOOCO’-Pi— (<33iOOCOi-'-tCODlU3r>-OOCSIi— 'i-^OO<33C0D«.CCiJ3 
CCiCDiDl/3iDlCU3lO'+‘-f-+COC<3D?r-ir-iO<3300CO^>.CDiD'<t(CMi— ‘OCT-OO 
DlCSI<NCNC?D?<MCSICNI<M<NC<?D?D?DlCNICMi— 11— •»— I— ii-ii—ti— ii-iOO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•65 

D?'-ft^<33i-(<33I>^CN^I>.<33C<ICOi-'CO— 'CDr-iiD r^lOCO^CN«i/3CC 
OOl:^COiOiOCNOOOCO»-'COi-ir«<0'^r>>i-<<>?'+'lOO.CDCOCDCDi/3-i?t'COD? 
U3U3U3U3li3U3iD’ii'rf-t'COCOD?D?i— '00030Cr>-CDiD'^C<3DI»— 'OC3300 
<^^D^CN<N<^^<^^D?D^CNICNC?<^^<^^D^C^^C'^D?T-(l— 11— 1^,— (i-Hi— i,-iOO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•625 

lO U3U01D U3l/3inii3 

D- OO <33 O CO <33 U3 CD D- 00 <33 CO ^ W3 U3 D? LO --f CO CO CD O rf GO 

i/3'+iCOCOC<l<33D-'^CS»r^C<?D-<NCD<33COCOQO<33i— iD4C<lD1D?D?i— ii— '0<33 
iOiOiOii3iO'r'rf-+'+iCOCOC^C<?’-<00<330Cl>.I>«CDiOrfCOD?T-iO<33I>* 
D?D?CNCNC<?C<?CS<NC<?D?C<lC<l<MD?<D?C<|i-<r-iT-ii-i,-ir-iT-(,— tT—T-^T—OO 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


IC Lf3 

C<?C?»-iT-i lO ■rfi<33000000l>. COCD<33-rr <330 i-^CO'^i/3t-' 00^0 
coo?i-<o<35cO'^i— 'OOcooocoooc<HDco»-«coirscDooooooaoooGOi>.i>r- 

U3)ijf3iOiCi'+''-^'^4<'-fCOCO<MD?i-<»-tO<33<3300I>CDiO''^CODlT-rO<3300r- 
D?Dl<ND?CaDlDlCN<MCNDIC<lDAC^C^^r-(i— «— iT-tT-ii— ir-Hi— OOO 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

•575 

ID to to to to to 

CO LO CO O <30 r-i <33 !>. CO CD lO CO CD 00 ^ O lO 03 ^ <33 i— • CO D? ^ 
C3300l>CDTt‘C<l<33CD^OOCOOOCOCD<33COCDOO<33»-'C<lCOCO-frt(^’i+^’i+ 
^^^^^^COcOCOC<ID?»--i'—iO<33<3303l>CDCD10'«+'COC<li—'Oa3^r;- 
D?C<lD?C<lC<(D)<NC<?C<I<NC'<lC<IC3C<l»-<i-<i-‘Wi— (1— ti— iT-»r— T-<000 
OOOOOOOOOOOOCOOOOOOOOOOOOOOOOO 

•55 

Irt to lO lO ^ 

•rh <33 to O CO 00 03 r-t 00 lo C<? 03 -rH CO 03 CD i—< 03 1> lO 03 CO lO l>- CO 

CD^C0C<IOr^'^C<l<330000C0r-.T-«'^^D-OC>?’'(fCDI>000303OOO^i-« 
-+<-+-+«-!t<-!j^C0C0C0C'aiC<I»-'^OO030000I>CDiO'i!t<C0C<l^t-(O<330pt;;;; 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

ft? 

c^co'?f<tDcoi><30<5_ 

OCDCDCDCDC0CDCDI>l>>l>»t-'lSD*l>l>*lSl>-00 00 00C3000000000000003 
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TABLE V {contd.) 

(If in doubt take next lower value) 


GO CD to CO CO CO C<l C<l CO OO 'Th CO 05 GO GO I>. CD GO t-< CO CO CO Oi CD CO 

r^G005Or-<r-(i-HiF-(T-(00CDC0i-<r^C^Q0C0C005<Mt0'^'«i^C0(MC30C005iO 
00 00 G005a50505O>05G0 00 C0G01>.l>.CDCDlO'T^'^C0C<li-<O05t^CD-?^'C0 
CMC^C^CSI<MC^CSI(MC^C<lCMC<IC<ICSlCNIC^CSIC<ICMC^CSlC<»(MC<|i-‘r-ir-4T-ii-H 

ooooooooooooooooooooooooooooo 


to to to to to 

00 CD to CO C<I to 05 -+■ 05 r-i i-< 05 GO CD ^ 05 »-< CO l> -tT' 

I>. OO 05 O O O O C<l 05 to ^ -f C<I l>< O CO C<l r-< 1 — < O CD CO 

000000GC05C35a5 05 05 00 00 00l>.|>.I>-CDCDiO-^'^C0C^w-HOa5l>CD'^C0 

C^CSJC<lC<?caCNICSJC<IC<ICMC^C<10<IC<IC<JC<JC<lC<»C^C^OaC<IC<IC<lr-4i-<i~«i— !,-< 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


tD UO to to 

C<l OOCOUC)CO»-< 05C^CD -*<OOCC C<l Q0tOCDtOI>-00 I>-iDCOi— ' 

CD !>< GO 05 05 05 05 00 CD CO »-« GO CO CJ5 O CO lO 00 w-i O 05 00 00 CO 05 ID) i— i 

0000000000C00000C0000000t^l>.CDCDCDlO’^C0C0CSIO05 00C^iC-^C0 

CM<MC^CSC<?NC<lCNCSJC<IC<l<M<MCN<MCSJ<MC^C^C^CNC<l<NT-ti-tT-Hr-<,— ir-H 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


to tc ID tc ID tD to 

-tt<DlC35I>«tDCDr-<C:5t>-.05C<|iDOODlCDCD-fT-<OOiDi-^CD'^^tDIS.iDCOr-i05 
iDCDCDt^OOOCOOI>l>«-+‘D1CI5CDC^ir>.OCOi— iCDCDO500t>CDiDr-tt>.cO00 
COOOOOOOOOOOOOOOOOOOOOt^t^r>.CDCDiD>tD-:fCDC^r- (OC3500r>-tD'^<<N 

<MC<ICSICNC^cqC^ClC<^C<l<MC<IC<»CMO^C<!C<l<MCMC^CSlC<ICSI'— f'-ir-Kr-iT-H,— 1 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


tD ID ID tD 

CD'^’—'OOCDCDi— iQ0iDI>.C35w-<C0CDC35CDCDC<100'-tOi— 'C"5CD^C^T-t0500 
-fiDCDCDI>l>«C^CDCDCOOOOtDOtDi— 'CD051— '"^r^CDlD-^CDOlDOCD 
00000000000000000000C0C^r^l>*CDCDiD'^-t'C0CSlT-iO0500CDlD'*t‘C^ 
C'?C<lCNCMCqC<l(MC'lCNWC^C?^(MCMCN(MCSICMC^(ND5CSIC^i-tT-ir-<^i--<r^ 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


ID LD tDtDtDtD iDtDiD 

CD 1— I 00 ID ^ 00 --t *“1 CO ID C35 (35 ID O ID ID -rf CO -f ID CO 

CO'-fiDlDCDCDtDlDlD<NC35CDCOOO-^<35'rri>.a5CSI'«t‘COCN»-<OCDCSIOOTf 
00 00 00 00 00 00 00 00 00 00t>.I>I>CDCDtDtD'rt<C0C0C<lT-(O0500CDiDC0CM 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


!>> w-( !>. -+< C35 tD 1—1 l> 1> l> !>• CO <35 C<J tD (35 CD CD 00 !>■ ID CO ID GO i-h 'rf 

C<|co-t''^’iD-t<-f'-tCOOI>'^»-‘I>'COGOO^'^t^C35CNO<35C30l>CO(35COCN 
GOOOOOOOOOOOOOGOCOGOC^C>«t^CDCDiDlD'-:*‘COCNC<li-i05GOr^CD'5fCOCN 
CilD101CMC^C4C^C'1<NCM01C<IC^C<lD1C"lC<IC>lC<lC^C>^C<»i-'i-^i-<i— (1— ii-ir-i 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


ID ID ID tD tD ID 

l>-+< CDCMt^caOOCOC^i-iO COi— 'OO-fr^ COCDC<l<35CD<Nr^i-(CD— ' 

1— iDlCOCO'*fCOCOCSICNi(35CDCO lDi-(iDOCNItDI>.(3500CDI>>-t'Or>.COO 

00Q0CD0<50 00 00 00 00 Q0l>r^t>l>-CDCDiDlD'^C00lT-HOa5001>.CD'«^cnoi 
CNCNCNC^CNC<lC<lC<I<M<MCN<NC<IC<><M(MCSC>J(M<NCN<Nw-4^»-^^^^r-^ 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


CD- 


ID tD 

OO-t' iDr-iCD tD<35l>CD-^<C‘lCOCO''^-:^CDr^OOOCD’-'l>*C^COiD<M<35 
Or-«C<lC^COC^C^r-iOI>.-^hi-'OOCOOOCOOOOC^'rt't^lD^C<li-«I>'rt^i— (IT^ 
00 00 00 00 00 C0G0C0G0C>»I>*C^CDCDlDlD'Tf'^C0C:<|r-iO<3500l>iD'^C0T-( 
<N<NC<lC^C^CMC^C<lC<ICMC<ICMCS|C<IC<lC^<MCqC^<NC^CST“ii-'i-(i-«i-(i-^i->H 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


ID 

s 


IDID IDID IDIDID ID 

CD O l> i-« !>• CO <35 ID Ti ID ID <35 05 O i-( i-i 00 r> C<l i— ' 00 CD 

-t<C^Ov-(i-'C‘lC^CO-^<35iDOCOT-<CDOtDC500C^'^C<CT-( 00'-f<NQ0lD 
I>»I>OOOOOOOOOOOOOOl>-r>.r^CDCDIDlD'^COCOC<|i— '0<3500CDID'^C<I»-' 

CNC<IC<IC<CC^C^C<»C<IC<CC^C'3|C<IC<JC<ICMC<J<MC^C<CCSIC<IC^»-(,-H,-HT-H,-(T-ir-( 

ooooooooooooooooooooooooooooo 


ID ID ID tD ID ID 

iDO-t'OOCO l:^iDCO'3'iDI>-<35I>.|>.tD'3''^-rticOCO I>.''}«C^CDr^iDCO 

00 CO <35 <35 O CO ID i-( ID <35 CO GO CO 00 CO ID I> <35 i-( GO !>• CD O 05 CD CO 
CDl>I>I>OOOOOOOOOOOOI>CDCDtDlDTf-fCOCSlT-(T-( OOI>>CDIDCOCMt-< 

<MCSIC<»Cqc<IC'3ICNCNCMCNI<MC<IC<IC<IC^C<IC<ICNCMC<l<NC<»r-<i-<T-(r-<i-HT-H,-H 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


CDC<l^-fQOI>CDiD-:hC^ OOI>.IDCO^ OOC^CD'^lM OOCDCOCDi-h< 35 
CSltDOOGOQO^'^l>.OCDCDOOi-<CDr-(<Oi-HCM''4<COOOI>CD'i!i^CO<350'rfO 
l>'l>*l>*l>t^00 00 00<3500r^CDCDlDlD'^'eJ<C0CMT-<O<3500l>'CD^C0C<|i— I 

C<ic^c<ic‘lc<ic^0?cqc^c>ac<ic<ic<icqcacs»c^<>5|c^c<ic<|i-(1“H1— •i--(i-<r-(i-(r-( 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


< 00 CO ID Ofl 1 


<55 c 


ID ID ID ID 

C<llDGO»-<'^i!i*tDtDCDOID IDO^I - - 

CDCDCDI>-I>i— ilD<35COiDCDOO(35'^C35CD( — - — 

t^I>>r^C^t>»OOOOOOOOOl'>-CDiDiD'i5*<'<J^CDCDCMi— (0<35GOr^CD'i:f'COC<IO 
C 2 C 3 C 3 C 3 ^^^C<IC^^O^<S^<^^C^C<^C^ 3 IC<^<^^C^^C<^C<^<^^C^^C<l^^^^-lr-( 1 -(^ 1 -( 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 


NCO'ii<tDCDC^OO<35 t-ic<IC<3'^iDCDI>C 50<35 i-(C^CD'^tDCDt^00C5 
CDCDCDCOCOCOCOCOI>t^l>*t>l>t>I>.|>l>.l>.l>.GOGOGOGOOOOOGOCOG005 
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TABLE VI 


Standard Sizes of Wire {S.W G.) 


Diameter 

in 

Inches 

Diameter 

in 

Millimetres 

Area in 
Square 
Inches 

Area in 
Square 
Millimetres 

S.WG 

Weight in 
Kilograms 
per Metre 

Resistance 

per 

Metre 

Resistance 
per Lb. 
of \\ ire 

mm 

•534 

•000344 

•222 


•001965 

-0765 

17-650 


•559 

•000377 

•245 

24 

•00217 

•0694 

14*500 

•023 

•584 

•000414 

•267 


•00236 

•0636 

12-200 

•024 

•610 

•000450 

•292 

23 

•00258 

•0583 

10-250 


•661 

•000528 

•341 


•00302 

•0498 

7-530 


•711 

•000605 

•397 

22 

•00352 

•0428 

5-540 


•763 

•000706 

•456 


•00404 

•0372 

4*210 


•818 

•000800 

•519 

21 

•00459 

•0328 

3-254 


•863 

•000904 

•584 


•00516 

•0291 

2-560 

^wc» 

•914 

•001015 

•657 

20 

•00582 

•0258 

2-012 


•967 

•00113 

•729 


•00646 

•0233 

1*650 

SH 

1-02 

00126 

•811 

19 

•00718 

•02096 

1 3 

•044 

M 18 

00152 

•980 

18 ^ 

•00868 

•01735 

•910 

•048 

1-22 

•00181 

M 7 

18 

•01035 

0145 

•650 

•050 

1 27 

•00197 

1 27 


-01124 

•0134 

•540 

•052 

1-322 

*00212 

1-37 

Hi 

•01212 

•0214 

•467 

•054 

1-372 

•00228 

1-47 


•013 

•01155 

•405 

•056 

1-422 

•00246 

1-59 

17 

•01408 

0107 

•348 

•058 

1*473 

•00264 

1*702 


i 01 v 509 

•00997 

•300 

•062 

1 575 

•00302 

1-947 


01723 

•00875 

-230 

-064 

1-625 

•00322 

2 08 

16 

0184 

■00816 

•200 

•068 

1-728 

00362 

2*34 

151 1 

0207 

•00726 

•159 

•072 

1-83 

•00407 

2-63 

15 ^ 

•0233 

•00646 

•126 

•076 

1 93 

•00453 

2-93 

144 

•0259 

•0058 

•102 

•080 

2-03 

•00503 

3-24 

14 

•02869 

*00525 

•0800 

•083 

2-11 

•00543 

3-52 


•0312 

•00483 

•0703 

•088 

2-23 

•00608 

3-92 


•0347 

•00434 

•0568 

•092 

2-34 

•00664 

4-28 

13 

•038 

•00398 

•0476 

•095 

2-41 

•00707 

4-56 


•0404 

•00373 

•0419 

•098 

2-49 

•00754 

4-86 

124 

•043 

•0035 

•0369 

•104 

2-64 

•0085 

5-48 

12 

-0486 

•0031 

-0289 

•109 

2-77 

•0086 

5-55 


•0492 

•00306 

•0282 

•116 

2-95 

•01053 

6-82 

11 

•0604 

•0025 

•0188 

•128 

3-26 

•0131 

8-3 

10 

•0734 

*00205 

•0127 

•144 

3-66 

•0164 

10-5 

9 

•093 

•001615 

*00793 
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TABLE VII 

Brown and Sharpe Wire Gauge 


Diameters 

Area of Copper 

Per 1 ,000 ft 

Bare 

Insulated 

Circular 

Mils 

Square 

Inches 

Interna- 
tional 
Ohms at 
75® F. 

Weight 
m Lbs. 
Bare 

Single 

Cotton 

Covered 

Double 

Cotton 

Covered 

Triple 

Cotton 

Covered 

•460 


•478 

•487 

211600 

•16619 

•04965 

640-51 

•410 


•428 

•437 

167772 

•13176 

•06263 

507-84 

365 


•383 

•392 

133079 

•10452 


402-83 

•325 


•343 

•352 

105560 

•08290 

•09954 

319*53 

'289 



•316 

83695 

•06572 

•1255 

253*34 

•258 


•276 

•285 

6357 

■05122 

•1583 

200-86 

•229 


•247 

•256 

52624 

•04131 

•1996 

159 29 

•204 


•222 

•231 

41739 

•03276 

•2517 

126-34 

•182 


•200 

•209 

33087 

*02598 

•3175 

100-15 

162 


•178 

-186 

26244 

•02061 


79*44 

•144 


•160 

•168 

20822 

*01635 

•5046 

63*03 

•129 


•143 

•150 

16512 

•01297 

•6363 

49-98 

•114 


•126 

•132 

13087 


•8039 

39 61 

•102 

•107 

■112 

•117 

10384 

•00815 

1-0119 

31 43 

•0907 

•096 

•101 

•106 

8227 

•00646 

1-2772 

24-90 

•0808 

•086 

•091 

•096 

6529 

•00512 

1-6093 

19 76 

•0720 

•077 

•081 

•086 

5184 



15-69 

•0641 

*069 

•073 

•078 

4109 

•00322 

2-5572 

12-44 

•0571 

•062 

•066 

•071 



3-2231 

9 868 

•0508 

•056 

•060 

•065 

2581 

•00202 

4 0711 

7 813 

0453 

•050 

•054 

•059 

2052 

•00161 


6-211 

•0403 

•045 

•049 

•054 

1624 

•00127 

6-4702 

4 916 

•0359 

•041 

•045 

! -050 

1285 

•00101 

8-1773 

3-889 

•0320 

•037 

•041 

1 -045 

1024 


10 261 

3 099 

•0285 

•0335 

•0375 

i *0423 

812 


12-940 

2-458 

•0254 

•030 

•034 

•039 

640 


16*418 

1-937 

•0226 

•0275 

•0315 

•0365 

510 


20*603 

1-543 

•0201 

•025 

•029 

•034 

404 



1-223 

•0179 

•023 

•027 

•032 

320 


32-837 

-968 

•0159 

•021 

•025 

•030 

253 

•00019 

41*532 

•766 

•0142 

•019 

•023 

•028 

201 

•00015 

52-282 

•608 

•0126 

•0175 

•0215 

0265 

159 

•00012 

66*080 

•481 

•0113 

•016 

-020 

•025 

127 

•00010 

82-738 

•384 

•0100 

•015 

•019 

•024 

100 

-00007 

105-08 

•303 

KB 

•014 

•018 

•023 

79-2 

•00006 

132-67 

•269 

•0080 


-017 

•022 

64 


164*18 

•194 

•0071 




50-4 


208-48 

•152 

•0063 




39-7 


264-68 

•120 

-0056 




31-4 


334*66 

•095 


Specific gravity = 8*89. Resistance Mil-foot soft copper =* 9*59 ohms at 0®C, 
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TABLE VIII 



From 

Calculation 

From 

Calculation 

Puls 

Puls 

Avg. 

T. Loss 

Max. Core 

Core Loss 

Const 

Sq. In. 

Dens. 

Const. 

Dens. 

Const 

h 

D 

C4 

B^ 

T 

F, 

0 

•7 

•04 

•7 

•02 

2 

5 

•7 

•045 

•85 

•03 

3 

10 

•72 

•05 

105 

•04 

•4 

15 

•75 

•06 

1-3 

•05 

•55 

20 

•8 

•065 

1-625 

•06 

•7 

25 

•9 

•070 

2-05 

•07 

•85 

30 

1-0 

•075 

2-6 

•08 

1-05 

35 

1-15 



•09 

1-3 

40 

1-25 



•10 

1 625 

45 

1-4 



•11 

2-05 

50 

1-6 



•12 

2-75 

55 

1-8 





60 

2-2 






N B When Iq comes between values given, take the higher one. 
Where or T comes between values given, take the higher one. 
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TABLE IX 
Power Factor Tables 


Overload Capacity 


Da 

1-5 

2-0 

2*5 

3-0 

3-5 

4-0 

*03 

•9034 

-9311 

•9393 

•9408 

•9401 

•9365 

•04 

•0425 

-8920 

•9172 

•9224 

*9205 

•9158 

•9214 

-045 





•9024 

-8993 

■0475 






-8882 

-05 

•8801 

•9021 

•9040 

•8979 

•8891 

•8772 

•0525 


•8981 





■055 


•8941 



•8746 

•8604 

•0575 


•8901 



-8673 


•06 

•8676 

•8861 

•8840 

•7806 

•8601 

■8436 

•065 


•8776 



-8499 


•0675 


•8734 



•8368 


•07 

•8546 

•8692 

-8628 

•8479 

•8297 

•8082 

•075 


•8603 





•08 

•0825 

•8413 

•8515 

•8405 

•8211 

•7981 

•7724 

•085 


•8424 



1 


•0875 


•8378 





•09 

•8275 

•8333 

•8176 

-7936 

•7663 

•7367 

•095 


-8239 

•8059 




•10 

•8134 

•8145 

•7942 

•7675 

•7346 

•7016 

-1025 


-8092 





•105 


•8049 



! 


•11 

•7989 

•7953 

•7705 

-7380 

•7032 

■6675 

•12 

•7844 

•7759 

•7465 

•7103 

•6725 

•7068 

-13 

•7693 

-7561 

•7226 

•6830 

•6362 

•6036 

•14 

-7544 

•7363 

•6989 

•6564 

•6140 

•5733 

•15 

-7391 

•7164 

•6755 

•6304 

•5864 

•5450 

•16 

•7238 

•6966 

•6524 

•6052 

-5601 

-5182 

•17 

•7085 

•6768 

•6298 

•5809 

•5349 

•4929 

•18 

•6930 

•6575 

•6079 

•5573 

-5110 

-4691 

•19 

•6776 

•6458 

•5862 

-5113 

-4881 

•4467 

•20 

•6622 

•6192 

•5657 

-5132 

•4666 

-4257 

-21 

•6468 

•6086 

•5451 

•4925 

•4461 

•4057 

•22 

•6315 

-5824 

•5254 

•4726 

•4266 

•3869 

•23 

•6163 

•5644 

•5065 

-4536 

•4081 

-3693 

•24 

•6012 

•5469 

•4881 

•4355 

-3907 

•3527 

•25 

•5863 

•5298 

•4705 

•4182 

-3741 

•3371 
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TABLE IX (contd.) 


Power Factor Tables 
Overload Capacity 


Da 

4-5 

5-0 

5*5 

6-0 

6-5 

7-0 

•03 

•9316 

•9254 

•9181 

-9099 

•9018 

-8928 

•04 

•8991 

■8883 

•8762 

•8638 

•8503 

•8366 

•0425 

•8875 






•045 

•876 






•0475 

•8694 






•05 

•8629 

•8473 

•8306 

•8135 

•7956 

-7777 

•0525 


•8365 





•055 


-8258 


*7779 



•0575 


-815 





•06 

•065 

•0675 

•8244 

•8043 

•7833 

-7622 

•7407 

•7195 

•07 

•7848 

•7607 

•7361 

-7118 

•7287 

•6643 

•075 







•08 

•”453 

•7177 

•6903 

•6637 

•6378 

•6133 

•0825 


•7073 





•085 

•0875 


•6969 





•09 

•7063 

•6761 

6467 

-6185 

•5916 

-5661 

•095 







-10 

•6689 

•6365 

•6057 

•5766 

5492 

-5258 

•1025 

•105 







•11 

•6325 I 

•5991 

•5675 

-5380 

•5106 

•4853 

•12 

•5983 

•5640 

•5805 

•5027 

-4755 

•4507 

•13 

-5659 

•5312 

•4993 

•4703 

•4437 

•4196 

•14 

•5355 

•5008 

•4692 

•4407 

•4386 

•3915 

•15 

•5069 

•4725 

•4414 

-4136 

•3886 

•3661 

•16 

•4802 

•4462 

•4159 

-3888 

•3647 

•3431 

■17 

•4553 

•4219 

-3923 

-3661 

•3429 

•3221 

•18 

•4320 

•3993 

•3706 

•3453 

-3229 

•3030 

•19 

•4102 

•3784 

•3505 

•3243 

•3047 

-2856 

-20 

•3898 

•3589 

•3320 

•3084 

•2876 

-2696 

•21 

•3708 

•3408 

•3148 

•2877 

-2724 

•2549 

•22 • 

•3530 

•3239 

•2988 

•2731 

-2581 

•2414 

•23 

•3365 

•3081 

•2839 

•2576 

•2448 

•2289 

•24 

•3206 

•2934 

•2701 

•2500 

-2326 

•2173 

•25 

•3058 

•2796 

•2372 

•2378 

•2211 

•2065 
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TABLE X 


Density 

A.T. 

•02 

4 

•03 

6 

•04 

8 

-05 

10 

•06 

12 

•07 

13 

•08 

14 

•09 

18 

•1 

26 

•11 

60 

•115 

120 

•12 

200 


TABLE XI 

Ratio of Area of Rotor Slot p Times Normal Depth to Normal 

Area of Slot 


p 

D. 

Parallel Slots 
p{2-p) 

Taper Slots 
p{A-p) 

I 

•25 

•4375 

\ 

1 -3125 

•3 

•51 

i *37 

•35 

•5775 

•4258 

•4 

•64 

•48 

•45 

•6&75 

•5325 

•5 

•75 

•5833 

•55 

•7975 

i -6325 

•6 

•84 

•68 

•65 

•8775 

•737 

•7 

•91 

•77 

•75 

•8375 

•8342 

•8 

*96 

•8533 

•85 

•9795 

•8925 

-9 

•99 

•93 

•95 

-9975 

•9658 

1-00 

1-00 

1-00 
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All quantities follow sine law in time, 
11 

Beats,'' 119 

Calculatino machine versus slide 
rule, 270 
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with Kobart's examples, 285 

of wave motions, 45, 46 

Capacity, case of, 13 
Cascade ampere conductors, diagram 
for slotted core, 
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, diagrams of further 

types, 128, 129 
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curves, 124, 125 

commutator windings, further, 
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curves rule for number of lobes, 
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diagrams, further, 130 
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lobed curves for two-pole com- 
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motors at normal speed, 107 

principle, 105 

secondary, 119 

^ ampere conductors in, 120, 

121 

with smooth 

core, 122, 123 
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ments, 181 

= speeds, 106 

stator Windings, 152 

Winding six-two pole, 155, 

156, 157 

“type convertor, 168 [139 

winding diagram, fundamental, 

diagrams, further, 140 

, Hunt's, 126 

Cascade windings — 

five-phase, 149, 150, 151 
further diagrams, 146, 147, 148 
not mutually inductive, 117, 118 
ratio of fluxes, 134, 135 
rules for phases of currents, 145 
Circle diagrams of machilie in cascade 
256-262# 

Classification and indexing of 
machines, 1 04 

, preliminary notes on, 61 

Collec^d e^ujktions of machines, 7 
Commatafeig^^reQuency convertor, 
252 


Commutator, 66 

machine, A.C., 80, 81 

, only known type, adjustable 

speed gear, 67 

Comparison of different types of slot, 
283 

of elliptic field machines, 92 

Compensated cascade induction 
motor, 162, 163 

8/4-pole induction motor, 164 

Compensation, repulsion motor, 91 
Conditions determining rotor slot, 286 

limiting equations, 7 

Connection of windings, 275 
Controllers, means of simplifying, 216 
Convertors, 86 
Core length, settling, 283 

Data of design, 269 
Designer aims at maximum output, 
272 

Design of drum-wmding equivalent 
to ring 186 

tables, 319 

, explanation of, 318 

, use of, 317 

Diagrams of ampere conductors for 
pole-changing windings, 193, 
194 

of elliptic field machines, 87,88 

of wave systems, 49, 50 

— , further, 51, 52 

Direct-current machine, 79 
Drum controllers for various speed 
combinations, 214 

Dynamo-electric machine,definition, 1 

Effect of drum winding on different 
pole numbers, 188, 189 
Electrostatic analogue to every elec- 
tromagnetic machine, 59 

and electromagnetic 'equations 

compared, 59 

induction due to stretching 

- tubes, 56 

induction, nature of, 54 

machine, 54 

, simplest type of, 55 

Elliptic field machines, 83 
E.M.E^. distribution, law of, 4 
Equations for moving axes, 12 

in terms of flux, 5 

of electrostatic machine, 57,58 

Example of magnetic transmission," 
32 

First principles of classification, 63 
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Force acting on part of machine > 5 

on a conductor, 28 

, cases where resultant force 

exists, 28 

Forces on a cord, 36 

compared to magnetic 

system, 37 

, terminal conditions, 38 

Form of solution of equations, 8 
Forms of free-wave machine, 34 
Formula for maximum input, 280 
Four-speed cascade windings, 153,154 
Free and forced waves, 9 
wave machine, effects of rota- 
tion, 44 

Generation of wave systems, 48 
Graphic solution of complex quad- 
ratic, 15, 16 

Heating constants, 276 

Improved method of pole-changing, 
190, 191 

Inch units used, 273 
Induction motor calculation, hints on 
organizing, 316 
checking previous work, 303 
copper loss and heating constant, 
307 

data sheet, 293 

, filling up, 295 

determining leading dimensions, 297 
efficiency and P,F., 311 
iron and pulsation loss, 307 
leakage formula, 305 
rotor slots, 299 

specification, check calculation on, 
315 

, filling up, 313 

winding calculations, 299 
Input coefficient formula, 279, 280 

in terms of mam dimensions and 

flux, 278 

of slot area, 277 

Internal cascade machines, 113 
Inverted repulsion motor, 90 

Kapp vibrator, 234 

Large controller, detailed description ’ 
of, 215 

Law of magnetization, 233 
Length of ends, 274 
Logarithmic decrement — 

effect of constants on diagram, 23 

of resistance inductance and 

capacity, 21 
flux with, 18 

further vector diagrams, 20 
proportional to slip, 18 ' 
speed constructions, 22 
vector diagram of machine with, 19 


Making secondary power zero, 68 
Magnetization, law of, 2 
Maxwell’s equations adapted to 
machine, 5 

, Heaviside’s form, 6 

Mean force requires that mean square 
densities be asymptotic, 29 
Means of reducing number of vari- 
ables, 272 

Mechanical analogy for electric 
machines, 63, 64 
Methods of magnetization, 69 

of using commutator, 69 

M M F. distribution, law of, 3 

Motor convertor, 112 

Multiple polarity field machines, 84 

machines, number of nodes 

m, 85 

Nature of design data, 271 
Neutralized series motor, 90 

Operation of induction machine, 78 

Parallel tooth, 282 

Phase advancer, hunting of, 252 

, Scherbms, 237, 238, 241 

Phase convertor, 205 

current distribution, 206 
effect ol altering tapping points,21 1 
examples of current distribution, 
210 

rule for calculating current dis- 
tribution, 208 

tests of current distribution, 207 
Pole changing — 
controllers, 213 
motor magnetic leakage, 224 

current kick at change of 

speed, 219 

motors circle diagrams, 218 

of the slip-rmg type, 220 

p.f and efficiency, 221, 222, 

223 

starting current, 217 

winding for odd pole numbers, 204 

, practical form of, 197 

windings, illustrations of rule for 
phase relations, 203, 202, 
203 

, methods of switching, 199 

, reducing terminals of, 195, 

196 

, rule for phase relations 200 

^ for terminals in parallel 

198 

with a twelve-section winding, 192 
Pole numbers in cascade mStchmes, 
114, 115, 116 

Poles varied by brush shift, 99, 100, 
101 

Polyphase commutator generator,238 
field bars displaced, 239 
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Polyphase commutator generator, 
prevention of hunting, 247 
summary of properties, 243, 244, 
245 

when It can generate alternating 
current, 246 

Polyphase commutator motor, further 
cases, 242 

motors, E M F.*s in, 240 

shunt induction machine, 249 

machine, 248 

Position of electrical designer, 268 
Possible types of rotor, 62 
Process of magnetization, 77 
Product of vector ellipses, 89 
Psychological discovery due to 
schedules, 271 

Pulsating and revolving fields, 88 

Quadratic in complex quantities, 14 

Reason for existing types o£ winding, 
70 

Reducing slot depth, effect of, 289 
Reflection and absorption of waves 
in cords, 40 
of waves, 47 

Relative capacity of machines in cas- 
cade, 255 

Resistance, case of, 12 
Ring winding used for pole changing, 
185 

Rotor condensers and stator self -in- 
duction resistance and capacity, 
24 

Rotor slot area, determines flux — 
case where, 290 

formulae for flux and slot dimen- 
sions, 291, 292 
Rule for choosing flux, 274 
Rules for choosing symbols, 273 

Self-induction, case of, 13 
Series motor cascaded with induction 
machine, 254 

Shallow type of rotor slot, 287, 288 
Shunt conduction machine, 250 

type machines, 93, 94 

Single-phase pole-changing apparatus 
227 

10/6 pole motor, 228 

4/6 pole motor, 230, 231 

series motor generates D.C., 247 

skew symmetrical winding, 232 

Slots with normal density one-third 
up, 281 

Speed regulation by commutator 
machine, 250, 251 
Spinn^, design of, 182 

, mechanical construction of, 183 

Standard tooth density, 274 


Storage of magnetic energy, 75, 76 
Summary of principles of classifica- 
tion, 102, 103 

Superposition of effects of currents, 53 
Synchronous alternator, 26 

field distribution, 27 

cascade sets, 109, 110 

, relative size of units, 

111 , 112 

generator induction motor com- 
bination, 73, 74 

internal cascade machine, 158 

self-exciting, 

159, 160 

motor generator combination, 

71, 72 

operated from series com- 
mutator generator, 263, 
264 

generator circle, 

diagrams of, 
265, 266, 267 

used as phase advancer, 

236 

Tabulated comparison of electric 
and mechanical case, 65 
Taper slots, 281 

Torque production, two distinct cases 
of. 33 

Turbo convertor, 169, 170 
characteristics, 172 
inverted, 108 

mechanical design of, 177, 178, 179 
slip of, 173, 174 
starting of, 175, 176 
Two reciprocal types of electric trans- 
mission exist, 30 

of transmission, dia- 
grams of, 31 

Types of field classified, 68 
of winding, 8 

Variable pole — 

commutator machines, 96 
machines, 95 

, further, 97 

phase advancer, 98 
Variable speed cascade commutator 
motor, 165 

Vibrating cord and electric case com- 
pared, 42, 43 

Views of Hobart and Miles Walker, 
269 

Wall's phase advancer, 235 
Waves of displacement and of force, 
41 

Winding diagrams oi cascade 
machines, 137, 138 
symbol, 143 
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